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Baran, A. F. and Bourne, G. H. ‘Quinine and nbomaciec d, The 


dephosphorylation’, p. 20, Methods, line 16 id was 
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_-stérédéhemically Specific mechanism might exist for absorption of amino-acids 


by the renal tubules. Preliminary accounts of the results have already been 
given by Crampton, Gibson & Smyth (1951), and by Crampton & Smyth 
(1952). 
METHODS 
In preliminary experiments racemic mixtures of amino-acids were injected intravenously into 
cate, and the urine collected by a urethral cannula for determination of the D- and L-isomers. 
Subsequently more detailed investigations were made in the form of clearance studies. All 
experiments were carried out on cats weighing 0-9-3-8 kg. Following Eggleton & Habib (1951) 
creatinine clearance was used for measurement of the glomerular filtration rate. The single 
injection technique was used for both creatinine and amino-acid clearances. The clearance periods 
were mostly between 5 and 8 min, and blood samples were taken between the Ist and 3rd min to 
allow for s renal delay of between 2 and 3 min. In the few cases where the clearance period 
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THE EXCRETION OF THE ENANTIOMORPHS OF 
AMINO-ACIDS 


By R. F. CRAMPTON anv D. H. SMYTH 
From the Department of Physiology, University of Sheffield 


(Received 24 October 1952) 


The difference in the treatment of the L-amino-acids and their enantiomorphs 
by the animal body has long been recognized, chiefly in relation to nutrition 
experiments. Wohlgemuth (1905) and Dakin (1910) both showed that 
following the administration of racemic amino-acids to animals the amount of 
D-amino-acid appearing in the urine was greater than that of t-amino-acid, 
and many other experiments of a similar kind have been performed. The 
assumption was usually made that the greater excretion of D-amino-acid was 
the result of its slower metabolism, and possible differential treatment of the 
two enantiomorphs by the kidney was not considered. Even in recent work 
on excretion of amino-acids little attention has been given to this possibility, 
although Albanese, Irby & Frankston (1945) and Silber, Seeler & Howe (1946) 
suggested that the renal threshold for p- and L-amino-acids might be different. 
A basis for the different treatment of p- and t-amino acids has been provided 
by the work of Gibson & Wiseman (1951) who showed the presence of a stereo- 
chemically specific mechanism for absorption of amino-acids from the 
intestine, and the present work was undertaken to see whether a similar 
stereochemically specific mechanism might exist for absorption of amino-acids 
by the renal tubules. Preliminary accounts of the results have already been 
given by Crampton, Gibson & Smyth (1951), and by Crampton & Smyth 
(1952). 
METHODS 


In preliminary experiments racemic mixtures of amino-acids were injected intravenously into 
cats, and the urine collected by a urethral cannula for determination of the D- and L-isomers. 
Subsequently more detailed investigations were made in the form of clearance studies. All 
experiments were carried out on cats weighing 0-9-3-8 kg. Following Eggleton & Habib (1951) 
creatinine clearance was used for measurement of the glomerular filtration rate. The single 
were mostly between 5 and 8 min, and blood samples were taken between the 1st and 3rd min to 
allow for renal delay of between 2 and 3 min. In the few cases where the clearance period 
PH. CXXII. 
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of the period. No clearance period exceeded 15 min. The cats were starved, but allowed water, for 
12-18 hr before operation. They were anaesthetized with intraperitoneal pentabarbitone sodium 
(0-15 g/kg body weight). All infusions were given at body temperature and at pH 7-4 into the 
femoral vein from a burette. The urine was collected from a cannula introduced into the bladder 
by the urethra. The cannula was designed to prevent the accumulation of residual urine in the 
bladder. Blood samples were taken from a cannula in the common carotid artery. The cannula 
was made from 1-5 mm bore hard polythene tubing, cold drawn to a slightly smaller diameter at 
one end, bevelled, and a suitable length tightly fitted on to a wide bore needle. The use of a three- 
way tap at the end of the needle enabled blood-pressure measurements to be taken. Immediately 
before a blood sample was taken the blood in the dead space of the cannula (0-3 ml.) was drawn 
off and discarded. After withdrawal of the blood sample, about 1 ml. of saline was injected back 
through the cannula. No anticoagulant was used, and no difficulties with clotting were experienced. 
After completion of the operative procedure, an infusion of 0-45% (w/v) NaCl (50-80 ml./kg 
body weight) was given at a rate of 3 mi./min in order to promote urine flow. During the course 
of the experiment additional small quantities of 0-45% NaCl were given to replace fluid lost as 
urine. When a diuresis of at least 0-5 ml./min was obtained creatinine was infused as a 2% 
solution (0-3 g/kg body weight). This was followed by an infusion of an amino-acid, the amount 
given depending upon the required concentration in the plasma. The rate of infusion of creatinine 
and amino-acid was not greater than 3 ml./min. Blood samples were centrifuged immediately 
after collection and the plasma drawn off. Plasma and urinary creatinine was estimated as the 
alkaline picrate, using a Hilger photo-electric colorimeter with Ilford yellow green filters having 
-@ maximal transmission at 5500 A. 1-Alanine, and L-methionine were estimated with standard 
Warburg manometers using a dried preparation of L-amino-acid oxidase (Burton, 1951), obtained 
from Neurospora crassa, grown as described by Bender & Krebs (1950). Samples of plasma and 
diluted urine varied from 0-5 to 2 ml. depending upon their amino-acid content, and it was 
necessary to adjust the pH of the urine to 7-5-8-0. Each Warburg cup contained the sample of 
urine or plasma, pyrophosphate buffer at pH 8-3, (1 ml.), with NaOH inserts in the centre well. 
The side arm contained 1 ml. of the enzyme solution. p-Alanine and p-methionine were estimated 
with the D-amino-acid oxidase prepared from pig kidney by the method of Bender & Krebs (1950). 
The kidney enzyme powder (0-5 g) was shaken for 3-5 min with 10 ml. of 0-1m pyrophosphate 
buffer at pH 8-3, and then centrifuged, and the supernatant used. In all other respects the 
estimations were similar to those for the L-amino-acids. L-Histidine in the urine was determined 
with histidine decarboxylase; for plasma determinations the enzyme was used with protein free 
filtrates. This enzyme was prepared from Clostridium welchii, B,.W.21, N.T.C. 6785. (Epps, 1945). 
As no specific method is available for the determination of p-histidine, total histidine was deter- 
mined colorimetrically by the metaod of Macpherson (1946), and D-histidine calculated from the 
difference between the total and L-histidine. 

The amino-acid oxidases, although stereochemically specific, attack many amino-acids, but 
the amounts of amino-acids normally present in the plasma which are attacked by the amino- 
oxidase are negligible compared with the lowest plasma concentrations of t-alanine and L- 
methionine which have been used. In view of the finding of Kamin & Handler (1951) that elevation 
of one plasma amino-acid may increase the excretion of other amino-acids, several samples of 
urine from different experiments were examined by paper chromatpgraphy, using n-butanol—acetic 
acid solvent. In all cases this showed that the amino-acid under consideration formed more than 
95 % of the total amino-acids present. 


RESULTS 
Urinary D/L ratio 
In preliminary experiments racemic mixtures of alanine, histidine and 
methionine were injected, and the concentration of the two enantiomorphs in 
the plasma and urine was determined. Three experiments were made with 
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each amino-acid and the results of one of each are shown in Fig. 1. It will be 
seen that while the D/t ratio in the urine is in all cases greater than unity the 
D/L ratio in the plasma is less than unity, a result consistently observed in all 
nine experiments. The lower concentrations of the p-isomers in the plasma 
after injection of racemic mixtures we believe is explained by their more rapid 
excretion by the kidney. The high value of the p/t ratio in the urine, simul- 
taneously with its low value in the plasma, can only be explained by a 
preferential reabsorption of the L-isomer in the renal tubules, since more 
L-isomer than D-isomer must be present in the glomerular filtrate. 


Alanine Histidine Methionine 
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Fig. 1. Concentration of the enantiomorphs of various amino-acids 
in the urine and plasma after intravenous injection of racemic mixtures. 
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Clearance studies 

Clearance studies were made with alanine and methionine. On account of 
the volume of plasma required for the estimations only a few clearance 
determinations and sometimes only one can be obtained for each animal while 
in good condition. The results of some experiments are given in Tables 1-4. 
Table 1 gives the plasma and urinary concentrations of L-alanine after infusion 
of t-alanine, together with the creatinine and t-alanine clearance values. 
Table 2 givesthe corresponding values after infusion of p-alanine, and Tables 3 
and 4 the values for p- and t-methionine following infusion of pL-methionine 
in both cases. The results are summarized in Figs. 2 and 3, where Fig. 2 shows 
the relation between the plasma concentration and the alanine clearance/creati- 
nine clearance ratio for p- and L-alanine respectively, and Fig. 3 shows the 
corresponding curves for methionine. 

Clearance of t-isomers. The curves for L-alanine and L-methionine resemble 
those which have been obtained for glucose and ascorbic acid. At low plasma 
concentrations the amounts in the urine are of the same order as control 
determinations in urine when no amino-acid was injected. Above a — 
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(ml/min) 
2-61 13-8 
0-12 12-3 
0-31 12-6 
0-46 11-8 
7-87 10-8 
8-89 13-6 
4-75 10-7 
2-92 9-5 
0-26 16-2 
0-08 18-5 
1-42 8-2 
0-28 70 
6-12 8-5 


Clearance 
 D-Alanine clearance 
p-Alanine Creatinine Creatinine clearance 
10-34 118 0-87 
9-80 10-6 0-92 
11-7 14-4 0-81 
8-2 12-5 0-66 
6-2 9-3 0-67 
6-3 10-0 0-63 
7-5 11-1 0-68 
70 10-4 0-67 
8-5 14-9 0-57 
3. Clearance of L-methionine 
Urine Plasma -Methionine Creatinine Creatinine clearance 
2-5 6-7 0-37 
0-4 7-0 0-06 
0-3 7:1 0-04 
2-6 6-2 0-42 
1-2 5-4 0-23 
0-9 5-6 0-16 
0-3 7-2 0-04 
0-4 8-9 0-05 
0-2 70 0-03 
4. Clearance of p-methionine 
— —. D-Methionine clearance 
D-Methionine Creatinine Creatinine clearance 
5-0 6-7 0-75 
2-2 70 0-31 
1-2 7-1 0-17 
4-9 6-2 0-79 
2-9 5-4 0-54 
2-6 5-6 0-46 


4 
Tastx 1. Clearance of t-alanine 
L-Alanine concen. Clearance 
(mg/ml | 
no. (ml./min) Urine Plasma L- Creatinine clearance 
| I 1-03 2-05 0-81 0-19 
: 0-43 0-12 0-42 0-01 
4 0-78 0-10 0-26 0-02 
0-97 0-13 0-27 0-04 
| 2 1-93 16-23 3-98 0-73 
. 1-53 16-68 2-87 0-65 
0-64 15-88 2-14 0-44 
0-68 6-14 1-43 0-31 
3 0-71 0-20 0-55 0-16 
7 0-64 0-04 0-34 0-01 
4 0-54 2-44 0-93 0-17 
; 0-52 0-24 0-44 0-04 
5 1-86 13-6 4-14 0-72 
TABLE 2. Clearance of p-alanine 
3 Expt. Urine flow 
no. (ml./min) 
i 6 1-54 
0-88 
0-92 
7 0-87 
0-95 
0-88 
0-04 
0-59 
0-61 
: Expt. Urine flow 
no. (mil./min) 
; 9 1-46 
0-67 
0-43 
| 3 10 0-74 
0-62 
0-70 
ll 0-80 
3 0-74 
0-48 
Expt. Urine flow 
| no. (ml./min) 
1-46 
0-67 
0-43 
| 10 0-74 
0-62 
| 0-70 


AMINO-ACID EXORETION 5 
concentration, in the case of L-alanine 0-4 mg/ml. plasma and in the case of 
t-methionine 1-3 mg./ml., increased concentration leads to a rapid rise in 
urinary excretion. Each t-amino-acid has thus a definite plasma threshold 


© O-Alanine 


05 10 15 20 25 30 35 40 
Plasma concentration of alanine (mg/mi.) 
Fig. 2. Relation between plasma concentration of alanine and the ratio of alanine 
clearance/creatinine clearance for each of the two enantiomorphs. 


2 06 06 10 12 1-4 1% 18 
Plasma concentration of methionine (mg/ml.) 


Fig. 3. Relation between plasma concentration of methionine and the ratio of 
methionine clearance/creatinine clearance for each of the two enantiomorphs. 


concentration. The results show that t-alanine and t-methionine are actively 
reabsorbed by the tubules from the glomerular filtrate. 

Clearance of D-isomers. The clearance curve for D-alanine indicates that 
some reabsorption does take place, but the amounts reabsorbed are very 
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much less than the amounts of t-alanine at the same plasma concentration. 
At all plasma concentrations which we have examined a considerable amount (at 
least 60%) of the filtered p-alanine appears in the urine and, furthermore, even 
at the lowest plasma concentration the concentration in the urine always 
exceeds that in the plasma. This is evident from Table 2. We regard these 
features as pointing to the absence of active tubular reabsorption of D-alanine, 
and we put forward the view that reabsorption of p-alanine takes place by 
a process of diffusion, as distinct from the active stereochemically-specific 
mechanism responsible for the absorption of the L-alanine. 

The curve for p-methionine shows a similar kind of contrast to the curve 
for L-methionine, as is obtained in the case of alanine. At low concentrations 
a greater amount of the p-methionine is reabsorbed than is the case with 
alanine, but even at the lowest plasma concentrations the concentration of 
methionine in the urine is always greater than that in the plasma (Table 4). 
The results shown in Fig. 3 for p-methionine have been obtained from only 
two experiments, but in these experiments L- and p-methionine clearances 
were estimated in the same samples of blood and urine, and thus serve to 
emphasize the difference between the renal treatment of the p- and L- 
enantiomorphs, 


Rates of diffusion of p- and L-enantiomorphs 

Since diffusion must play a role in at least some stage of the tubular 
reabsorption of both the p- and L-enantiomorphs,-it-is of interest to compare 
the relative rates of diffusion of the enantiomorphs of one amino-acid, in 
order to see whether differences in the rates of diffusion might account for part 
of the difference in their rates of tubular reabsorption. As it was not possible 
to measure diffusion rates through the renal tubular epithelium, other 
diffusion barriers had to be chosen. The use of a non-biological barrier made it 
possible to eliminate a stereochemically specific process which might assist 
one isomer to move faster through the barrier, and for this purpose the rate 
of disappearance of p- and L-alanine from a cellophane sac suspended in 
water was measured. In addition, it was also desirable to study diffusion 
through a biological barrier. The similarity of the renal tubular epithelium 
and the im vitro intestinal preparation as regards both p- and L-amino-acids 
has been pointed out by Smyth & Whaler (1953a) and we therefore made use of 
the im vitro rat intestine preparation of Wiseman (1953), as modified by 
Smyth & Whaler (19536). Wiseman has shown that in such a preparation at 
37° C there is an active process for transfer of L-amino-acids. It was thought 
that this active process might be abolished by reduction of the temperature, 
and thus the preparation could be used for studying the rates of diffusion of 
D- and L-isomers. A racemic mixture of pi-alanine in phosphate saline was 
put inside the intestine, and outside was a large volume (about 41.) of 
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phosphate saline not containing alanine. The preparation was kept at 10° C 
and the rate of disappearance of p- and 1-alanine from the inside of the 
intestine was measured. The results of the diffusion experiments are given in 
Tables 5 and 6. From these it is seen that the diffusion rates of p- and L- 
alanine are of the same order of magnitude, and that differences in the rate 
of tubular reabsorption are unlikely to be accounted for by these. The results 
with the intestine at 10° C show, incidentally, that reduction of the temperature 
results in an equal rate of disappearance of p- and L-alanine and hence support 
the claim of Wiseman (1953) that the transfer of L-amino-acids through the 
intestinal wall is an active process. 
Tasiz 5. Disappearance of p- and t-alanine from a cellophane sac 


Period sac (mg/ml. 
diffusion 
(min) D-Alanine  1-Alanine 
50 Initial 1-34 1-38 
Final 0-48 0-58 
45 Initial 1-32 1-30 
Final 0-90 0-88 
60 Initial 1-38 1-44 
Final 0-80 0-86 
TaBwz 6. Disappearance of p- and t-alanine from the lumen of the in vitro 
' vat intestine preparation at 10° C 
Period of Concentration (mg/ml.) 
diffusion on 
(min) p-Alanine  t1-Alanine 
240 Initial 1-78 1-82 
Final 1-32 1-44 
270 Initial 1-34 1-38 
Final 0-72 0-70 
DISCUSSION 


In a series of papers from this laboratory, Gibson & Wiseman (1951), Clarke, 
Gibson, Smyth & Wiseman (1951), Wiseman (1951) and Matthews & Smyth 
(1952), it has been proved that absorption of L-amino-acids from the intestine 
into the blood stream involves an active stereochemically specific process. 
The present work extends this concept to the renal tubules by showing that 
L-amino-acids are reabsorbed in greater amounts than the corresponding 
D-enantiomorphs, and presumably an active stereochemically specific 
mechanism must be responsible for L-amino-acid reabsorption. It is likely that 
the mechanism in the renal tubules is the same as that in the intestine, but on 
this point we have so far no experimental evidence. 

The results have a bearing on various aspects of the metabolism of amino- 
acids. In nutritional studies with the two enantiomorphs, it has generally 
been assumed that the lesser nutritional value of the p-enantiomorph was 
due to the failure of the body to utilize it, or at least to utilize it to the same 


, 
1 
4 
a 
be 
P 
4 
a 
é 


8 R. F. CRAMPTON AND D. H. SMYTH 


extent as the L-enantiomorph. It would now appear that another factor in 
the reduced nutritional value of the p-enantiomorph is the failure of the 
kidney to retain it. This agrees with the suggestion of Albanese et al. (1945) 
and Silber et al. (1946). In some cases differential treatment of the two isomers 
by the kidney may be the most important factor, as Gibson & Smyth (1953) 
have shown that in the case of methionine the p-isomer can be readily meta- 
bolized by various tissues and can in fact be converted to the L-isomer. 

Our results have also a bearing on various aspects of the excretion of 
amino-acids. One of the main interests in this question has been the possibility 
of obtaining a Tm value for different amino-acids. Definite Tm values have 
been claimed for glycine (Pitts, 1943), L-arginine and L-lysine (Wright, Russo, 
Skeggs, Patch & Beyer, 1947), while it has not been possible to demonstrate 
definite Tm values for pi-alanine (Goettsch, Lyttle, Grim & Dunbar, 1944), 
L-histidine and pi-methionine (Wright et al. 1947), L-tryptophane, L-iso- 
leucine, L-leucine and L-valine (Beyer, Wright, Russo, Skeggs & Patch, 1946), 
Di-threonine, and pti-phenylalanine (Russo, Wright, Skeggs, Tillson & 
Beyer, 1947). Since a Tm value can only be obtained for a substance which is 
actively absorbed, it would seem from our results that Tm values are likely 
to be obtained for L-amino-acids only and not for D-amino-acids or racemic 
mixtures. In experiments with cats it is not possible to obtain sufficient samples 
in one animal to test this out, but the principle would appear to follow from 
the clearance curves we have obtained. There is also a further implication of 
this. If p-amino-acids are absorbed passively as distinct from the active 
absorption of L-amino-acids, it is difficult to see why any L-amino-acid 
escaping active absorption should not also be exposed to this passive process. 
Our results on the rates of diffusion of the two isomers (though not carried 
out with the tubular epithelium) suggest that the amount of L-amino-acid 
absorbed by this passive process would be about the same as the amount of 
p-amino-acid. Thus the clearance curve of D-amino-acid might be used to give 
some idea of the amount of L passively reabsorbed. 

If rp=ratio of pD-alanine clearance/creatinine clearance, the amount of 
L-amino-acid passively reabsorbed would be (1—r,) (fraction of L-amino-acid 
exposed to passive diffusion). It is not possible to evaluate this last quantity 
accurately, as we do not know in which part of the tubules reabsorption occurs, 
but it would lie between (a) a maximum value of the total Lt-amino-acid 
filtered, assuming that active reabsorption occurs after diffusion, and (b) a 
minimum value of L-amino-acid filtered minus the L-amino-acid actively 
absorbed, assuming that active reabsorption takes place first. In the case of 
low plasma concentration these extreme values would be very different, but 
at the higher plasma concentration at which Tm values would be measured, 
the differences become smaller in relation to the total amount reabsorbed; 
since at the higher concentrations the value of r is becoming larger, the 
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difference between the extreme values would be much smaller. Even if we 
cannot give & precise value to the amount of L-amino-acid passively reabsorbed, 
the argument put forward should be considered before applying the concept 
of Tm value to the amino-acids. A similar argument applies to the concept of 
competitive reabsorption between different amino-acids, and it is clear that 
the competition is likely to exist between the actively reabsorbed fractions of 
the L-isomers, and not between the total amounts of amino-acid present. 

There is one further point of general interest which arises from these con- 
clusions. The considerations in the last paragraph suggest an approach to the 
problem of separating the amounts of t-amino-acid actively and passively 
reabsorbed. In the case of the amino-acids it is evident that there might be 
two different processes responsible for reabsorption, but it is difficult to see 
why the same principle must not also apply to other substances, where the 
possibility of passive reabsorption in addition to active reabsorption is not so 
evident, Glucose is well known to be actively reabsorbed, but in cases of 
glycosuria must not the glucose fraction not actively reabsorbed be subjected 
to some passive reabsorption by diffusion? This fraction absorbed passively 
is presumably a small one, compared with the amount actively reabsorbed, 
and therefore enables an apparent Tm value to be obtained. The same argu- 
ment applies to other substances, and we suggest that the possibility of 
reabsorption by diffusion in addition to active reabsorption should be con- 
sidered more generally, in relation to calculations of Tm values. 


SUMMARY 


1. Clearance studies have been made on the p- and L-enantiomorphs of | 
alanine and methionine, and also some figures have been obtained for histidine 
excretion. 

2. The L-isomers of the amino-acid studied are reabsorbed more rapidly 
than the corresponding p-isomers, and on this basis a stereochemically 
specific mechanism has been postulated for reabsorption of the L-isomers in 
the renal tubules. The view is also put forward that the D-isomers are 
reabsorbed by a process of passive diffusion. 

3. The Ooh ote of these findings on nutritional values of amino-acids 
and on maximum tubular reabsorption are discussed. 


We are indebted to Miss Madeline Boothby for valuable technical assistance with this work. 
The expenses of the work have been defrayed by grants from the Medical Research Council 
and the Medical Research Fund of the University of Sheffield. , 
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THE KINETICS OF PENETRATION OF THE 
BLOOD-AQUEOUS BARRIER 
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In the present work we have undertaken a detailed study of the kinetics of the 
process of penetration of several selected substances into the aqueous humour, 
in the hope that it would throw light on the mechanism of formation of this 
fluid. 

Earlier equations describing the rate of penetration of substances, with 
constant plasma concentration, Cp,, have taken the form | 


(1) 


where C,, is the concentration in the aqueous humour at any time, ¢, and k,, 
and kout are transfer constants with units of t-'. At infinite time, 


dC, ,/dt=0, 


whence Lint = =f, 
Kout Cpr 
r being the steady-state ratio achieved at infinite time. Eqn. (1), on integra- 
tion with Cp, constant, thus gives 
C, kin 

Cyq being 0 when t=0. 

We may note that the process of penetration of a non-electrolyte may be 
described less non-committally by the following equation (Palm, 1947; 
Davson, Duke-Elder, Maurice, Ross & Woodin, 1949): 

os = {hq (Cp —Caq)} — ag + (3) 
Here the first term in brackets represents the simple diffusion process; the 
term kyC,4 represents the loss due to flow, k; having the dimension of ¢* and 
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representing the fraction of the total volume of aqueous humour removed in 
unit time; the term mk,Cp, represents the gain in concentration due to the 
replacement of the aqueous humour lost in unit time, » being the ratio of the 
concentration in the newly formed fluid to that in blood plasma. Eqn. (3) has 
the same general form as that of eqn. .(1), and on integration will give eqn. (2) 


with r given by 
kat 
kathy  Kout 

It will be seen that k,,, is>%,, when » is less than unity. When n is unity, 
r is unity. If n could be computed for a given substance, it would be possible 
to predict the value of r from the observed value of k,,, since k; is known 
approximately. There is no valid @ priori argument on the basis of which n 
may be estimated; Kinsey & Grant (1942) ignored the last term entirely; 
i.e. they implicitly assumed that n was equal to zero. The theoretical objections 
to this treatment were pointed out by Duke-Elder & Davson (1943), and later 
Kinsey & Bérfny (1949) suggested that » should be the ratio of the transfer 
constants of the substance and water, i.e. in the region of 1/20. On this 
assumption they constructed a curve relating k,,, with r. Certain non- 
electrolytes appeared to conform to this relationship, whereas ions failed to 
do so; in consequence, these authors concluded that ions were secreted whilst 
the non-electrolytes entered by a simple diffusion-ultrafiltration process. 
Unfortunately this argument has not been submitted to a sufficiently stringent 
test, and the first object of the experiments to be described was to assess 
accurately the values of r—the steady-state distribution ratio—and k,,—the 
inward transfer constant—for several substances which, on @ priori grounds, 
are unlikely to be singled out for specific secretory activity. The substances 
chosen were three sulphonamides, and thiourea and sucrose—all capable of 
being determined with precision by standard chemical procedures. It will be 
seen that the values of r deviate strongly from those predicted by Kinsey & 
Bérény’s treatment; in consequence a new formulation of the process of 
penetration has been undertaken. 


METHODS 

Except when otherwise stated, the experiments were carried out on rabbits using local (cocaine) 
anaesthesia only. The rabbit was partially immobilized by being held in a modified type of 
bleeding-box kindly presented to us by the late Sir Jack Drummond from Boots’ laboratories; 
the substance investigated was injected continuously as an isotonic solution by means of a 
variable-speed infusion machine (Davson & Purvis, 1952). During the course of the injection 1 ml. 
blood samples were withdrawn from the marginal ear-vein; at the appropriate intervals the 
aqueous humours were withdrawn. 

Chemical. Sulphonamides were estimated by the Bratton & Marshall (1939) method in tri- 
chloroacetic acid filtrates; thiocyanate was estimated by the method of Aldridge (1944); sucrose 
and raffinose by the determination of reducing -value, before and after hydrolysis, with the 
Hagedorn-Jensen reagent ; “Na was determined in diluted samples of the fluids in a liquid counter 
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of the type described by Harris (1949); corrections for decay, resolving time and background were 
made when necessary, The estimation of thiourea requires a few comments; difficulty was ex- 
perienced in making up the Grote reagent, and this turned out to be due to the low winter 
laboratory temperature. If Chesley’s (1944) procedure was followed, using reagents that had been 
warmed to 30° C before use, these difficulties vanished. Chesley recommended the use of tungstic 
acid filtrates, but it was found much more convenient, and more accurate, to add 0-1 ml. of fluid 
to 10 ml. of H,O; in this dilution, plaama proteins do not interfere with the determination; 
addition of 10 ml. of Grote reagent, diluted 1:20 with phosphate buffer at pH 6-1, gave a colour 
varying in tint from a pale green to a deep blue with final concentrations of thiourea between 
1 and 20yg/ml. The colour was allowed to develop at 30°C and was measured in a Spekker 


absorptiometer using 4 cm cells and an orange filter. Maximum colour is reached between 3 and 
4 hr after addition of the reagent. 

With some of the substances studied, a definite fraction of the injected material is adsorbed to 
the plasma proteins and thus does not participate in the permeability process; the concentration 
of ‘diffusible material’ was determined by dialysing a sample of the plasma against a sodium 
chloride solution having about the same concentration of the substance. 


RESULTS 


Before proceeding to the assessment of the values of r corresponding to the values 
of kin for different substances, it is necessary to ascertain whether the kinetics 
of penetration are sufficiently simple to justify the employment of eqn. (2), 
i.e. whether, in the cases investigated, the kinetics can be suitably described 


in terms of a parameter, k,,. If eqn. (2) applies, the graph of in (1-42) 


against time should be a straight line through the origin. To test this, how- 
ever, from the observed values of C,,/Cp, at different times, it is necessary to 
know the value of r, the steady-state distribution ratio at infinite time. This 
may be assessed directly by maintaining a steady concentration of the 
penetrating substance in the plasma for a long time and determining the final 
steady-state ratio. This procedure was adopted for sulphadiazine, but it has 
the disadvantage that a slight fluctuation in the plasma level at the time of 
withdrawal of aqueous humour can produce an illusory value of the ratio. 
Thus, of twenty-two experiments carried out with this substance, twelve were 
rejected owing to the circumstance that the plasma level had not remained 
sufficiently constant during the last stages of the experiment. The results of 
the remaining ten experiments gave values of r varying between unity and 
0-81, with an average value of 0-93+0-02 (s.z. of mean). In the case of 
sulphanilamide, moreover, the toxic effects of this drug became evident when 
the concentration was maintained at a suitably high level for more than about 
4 hr. An alternative method, which was adopted for sulphanilamide, thiourea 
and sucrose, was to plot the quantity: in ( -s against time, assuming 
different values of r, and to choose the value of r that gave the best straight 
line through the plotted points. Since the plotted function is very sensitive 
to @ change in the value of r when C,q/Cp; is close to its steady-state value, 
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this turns out to be an accurate method, sufficiently accurate, at any rate, for the 
purposes of the arguments developed in this work. In the graphs of Figs. 1 and 
2 this procedure has been applied to sulphanilamide and thiourea, where each 
point has been calculated from the arithmetic mean of some six separate experi- 
ments. In the case of sulphanilamide it is clear that a ratio of 0-95 is definitely 
wrong, a ratio of 0-975 is probably wrong, whereas a ratio of unity seems to 
give the best fit. In the case of thiourea, a ratio of unity is definitely wrong, 
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Fig. 1. Fig. 2. 


Fig. 1. The penetration of sulphanilamide. © --- ©: r=0-95; 
@—— @:r=l; x: r=0-975. 


Fig. 2. Penetration of thiourea. @ ——@:r=1; x +--+ x: r=0-975; 
@ ----@:7r=0-05; r=—0-925. 


whilst a ratio of 0-95 gives a good straight line (a ratio of 0-975 cannot be 
definitely ruled out; a ratio of 0-925 is quite wrong). If we take into account 
the circumstance that only one measurement can be made on a single eye, 
and the consequent animal-to-animal variation that enters into the assess- 
ment of the experimental points, the graphs of Figs. 1 and 2, permitting as 
they do reasonable straight lines to be drawn through the plotted points, 
suggest that the simple kinetic approach employed here is justified—at any 
rate until the precision can be increased by studying a single eye continuously. 
If this is so, we may read off from the slopes of the straight lines the values of 
— k,,/r, and hence obtain in each case the value of k,, appropriate to the value 
of r giving the best straight line. It should be emphasized, however, that this 
procedure does, to some extent, beg the question of the applicability of eqn. 2, 
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since, if r could be shown to be equal to 0-95, a smooth curve could be fitted to 
the points of Fig. 1, instead of a straight line, i.e. it could be argued that a 
much more complex equation was applicable to the penetration of sulphanil- 
amide. We may note, however, that r, for the more slowly penetrating thiourea, 
is definitely not much less than 0-95, since the average value for O,4/Op, at 
340 min was 0-91, and the steady state had not been achieved. Sulphanilamide 
penetrates 50°, more rapidly, so that its value of r must be nearer unity. 
Sulphadiazine, moreover, penetrates rather more slowly than thiourea, and 
its steady-state ratio, determined by the direct method alluded to above, 
was 0-93+0-02. It is very difficult to believe, then, that the value of r for 
the more rapidly penetrating sulphanilamide is significantly less than 
unity. 

Before deriving values of k,, from the graphs of Figs. 1 and 2 we must take 
note of the circumstance that, although straight lines may be drawn through 
the points, these lines do not pass through the origin, i.e. that the rate of 
penetration during the first 10-15 min is definitely greater than the subsequent 
rate. This feature had been observed before in the case of some less complete 
studies of the sulphonamides (Davson & Matchett, 1949), but it had been 
considered to be an artifact resulting from a very high concentration of the 
sulphonamide in the arterial blood during the course of the initial injection, 
and also to the absence of adequate mixing of the fluid in the anterior chamber 
(Palm, 1947). The effects of the first factor have been eliminated by drawing 
blood continuously during and immediately after the initial injection— 
analysis of this sample gives an integrated value for the concentration during 
the first few minutes of the injection—and the points in Figs. 1 and 2 have 
been corrected for this effect. That the effect is not peculiar to sulphanilamide 
and thiourea is shown by a study of several other compounds; thus curves for 
sulphadiazine, thiocyanate, and—in a much more marked degree—sulpha- 
pyridine, exhibit the same break (Fig. 3). If the effect were due to inadequate 
mixing in the anterior chamber we might expect it to be most marked with | 
the more rapidly penetrating substances, yet, on comparing two homologous 
substances, thiourea and n-propy! thiourea, we find that the effect is virtually 
absent in the more rapidly penetrating substance (Figs. 2 and 4). Clearly we 
must look elsewhere for a cause of this break, and until a satisfactory explana- 
tion is found there is some uncertainty as to which slope measures the value 
of ky, appropriate to the steady-state distribution. First, there is the 
possibility that the injected substances were poisons to the secretory process, 
so that the rate of flow of aqueous humour was slowed. This possibility was 
tested by studying the effects of sulphanilamide and sulphapyridine on the 
rate of penetration of another substance, “Na, but it was found to be un- 
influenced by the drug. The results did emphasize, however, that the penetra- 
tion of the isotope also exhibited the same break. A second possibility was 


| 
A 
4 
a 
2 
i 
4 
‘ 
= 


16 HUGH DAVSON AND P. A. MATCHETT 


that the substance was being converted in the body to a compound with a 
lower permeability constant; as a general explanation this must fail since the 
isotope *Na showed the effect; nevertheless, the striking diminution in the 
rate of penetration of sulphapyridine, falling from an initial value of 0-04 min- 
to one of 0-0092 min-! between 10 and 100 min after the initial injection, 
suggested that, in this case at least, something of the sort was happening. 
Paper chromatography of the blood filtrate failed to reveal the presence of a 
derivative of sulphapyridine; but, by measuring the partition coefficient of 
free sulphapyridine between ether and a plasma dialysate, definite evidence 
of the presence of a new water-soluble substance was obtained. 


-1%6 


0 | 0 
0 0 © 8 100 120 140 10 on 
Time (min) Time (min) | 
Fig. 3. Fig. 4. 


Fig. 3. Penetration of sulphadiazine, sulphapyridine and thiocyanate. Values of r employed 
were: sulphadiazine, 0-93; sulphapyridine, 1-0; thiocyanate 1-01 (the Donnan distribution 
ratio for a negative univalent ion). The value of unity has been used for sulphapyridine since 
this is undoubtedly the steady-state ratio that would be found for the substance in the 
absence of intravascular chemical changes. : 


Fig. 4. Penetration of »-propyl thiourea. Four individual experiments. ©—@®: mean values 
for 15 and 30 min intervals. r has been taken as unity. 


The procedure employed was as follows: some blood was removed from a rabbit and sulpha- 
pyridine was added to give a concentration of some 40 mg/100 ml. An isotonic solution 
sulphapyridine was then infused into the animal at a rate to maintain about the same trati 
After about 2 hr a sample of blood was withdrawn. Plasma from each sample of blood was 
dialysed against 0-9 % (w/v) NaCl buffered with phosphate to pH 7-4, and the dialysates were then 
shaken with ether and the partition coefficients determined in the usual way. It was considered 
fairer to determine the partition coefficient between ether and the plasma dialysate, rather than 
between ether and plasma, owing to the presence of sulphonamide bound to the plasma protein ; 
shaking vigorously with ether would denature the protein and so modify the amount bound and 
lead to irregular results. With thiourea, the amount bound to protein is so small that a direct 
ether-plasma partition coefficient was measured. 
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The results of these studies are shown in Table 1; it will be seen that the 
partition coefficient for sulphapyridine falls from a mean value of 0-42 to one 
of 0-24 as a result of its circulation in the blood stream. The water-soluble 
compound responsible for this change in partition coefficient is probably a 
glucuronide of hydroxypyridine giving the same reaction in the Bratton & 
Marshall estimation but, being much more water-soluble, penetrating the 
blood-aqueous barrier much more slowly than sulphapyridine, possibly not at 
all. Such @ compound has, indeed, been isolated from the urine of dogs 
(Weber, Lalich & Major, 1943). It will be seen from Table 1 that sulphadiazine 
also exhibits a marked decrease in partition coefficient, so that we must inter- 
pret the value of r with some caution. Sulphadiazine is itself not very lipoid- 
soluble, so that it may be that the chemical change it undergoes does not 


Tas_z 1. Partition coefficients between ether and plasma (or plasma dialysate) for four sulphon- 
amides and thiourea. Coefficient no. 1 is that obtained when the substance was added to the 
shed blood; no. 2, when the substance had been circulating for some two hours in the blood 


stream 
Coefficient Coefficient range 
Substance no, | no. 2 °C) 
Sulpha 0-42 0-24 24-27 
0-038 0-018 23-27 
Sulphanilamide 0-160 0-156 25-56-27 
Sulphathiazole 0-035 0-018 23-5-27 
Thiourea 0-0091 0-0090 22-28 


influence its rate of penetration in such a marked fashion as that undergone 
by sulphapyridine; certainly the kinetics of penetration over the first 2 hr 
give no obvious sign of heterogeneity ; over longer periods, however, it was found 
that the variability between individual rabbits was much higher. 

As indicated above, however, it is unlikely that this is a general pheno- 
menon, but its observation in the case of sulphapyridine prompts caution in 
the interpretation of any experimentally observed value of r, the steady-state 
distribution ratio. Thus, without a thorough investigation of the kinetics of 
penetration of sulphapyridine, it might have been argued that substances 
penetrating very rapidly, i.e. with a k,, as high as 0-04 min, could have a 
value of r equal to 0-72, the steady-state ratio which C,,/Cp, appears to 
approach as a result of this compound-formation. 

What seems, at present, the most likely general explanation of the break in 
the curves of penetration of so many substances is the presence of the small 
amount of fluid in the posterior chamber. This probably behaves as a ‘dead 
space’, coming into a relatively rapid diffusion-equilibrium with the plasma 
in the ciliary processes and posterior aspect of the iris. This would result in an 
initial rapid rise in the average concentration in the aqueous humour; if — 
subsequent penetration were largely determined by the flow of aqueous 
humour through the pupil, the ensuing rise in C,, with time would follow a 
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slower and more regular course. If we compare the penetration of two homo- — 
logous substances, one penetrating relatively rapidly, e.g. n-propyl thiourea 
with a k,, of 00267 min-*, and one penetrating more slowly, e.g. thiourea 
with a ky, of 0-009 min-!, we observe that n-propyl thiourea barely shows a 
break in the plot of In (1-44) against time (Fig. 4), whereas it is quite 
marked with thiourea (Fig. 2). We may anticipate the subsequent discussion 
and point out that the difference in k,, is probably due to a much more rapid 
diffusion across the iris, directly into the anterior chamber, in the case of 
n-propyl thiourea. This rapid diffusion will mask the ‘dead space effect’ of 
the posterior chamber and thus explain the absence of an appreciable break 
in the graph. When, however,. k;, becomes very high indeed, as with ethyl 
alcohol with a k,, of 0-07 min-! (Palm, 1947), the defective mixing in the 
anterior chamber will cause a diminution in the rate of achievement of 


equilibrium, so that once again a break will occur in the graph of In (1 ~T4*) 
P 


against time; this was observed by Palm (1947). Again, when penetration is 
very slow, as with sucrose, it probably occurs exclusively from the iris, so that 
any dead-space effect will operate in the opposite sense; and it will be seen 
that there is no obvious falling off in the rate of penetration of sucrose (Fig. 5). 

If this argument is correct, then, it will be the later slope of the graph that 
determines the value of r, the steady-state distribution ratio at infinite time, 
since, as the steady-state is approached, the concentration in the aqueous 
humour approaches uniformity and the value in the posterior chamber. On 
purely kinetic grounds, moreover, and without seeking any explanation of the 
breaks in the graphs, it would be preferable to employ the value of k,,, deduced 
from the rate at which the steady-state is approached, i.e. from the later stages 
of the process rather than from the initial stage. From Figs. 1 to 3, con- 
sequently, we may deduce values of k,, for sulphanilamide, thiourea and 
sulphadiazine of 0-0134, 0-0086 and 0-0083 min~ respectively; these values 
correspond to values of r equal to 1, 0-95 and 0-93 respectively. According 
to Kinsey & Bardny’s curve the values of k,,, appropriate to these values of r 
should be about 0-2, 0-083 and 0-076 min respectively, i.e. the predicted 
values differ by a factor of about 10 from those actually found. 


, Sucrose 


In Fig. 5 is shown the graph of In (1-42) for sucrose. The penetration 
Pl 


of this substance is slow, as in the cat, so that errors in the determination of 
the concentration in the aqueous humour were high, especially as the deter- 
mination was by difference in reducing power before and after hydrolysis. 
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Moreover, quite apart from this, the rate of penetration was more variable 
than with the other substances studied; each point therefore represents the 
mean of twelve eyes instead of about six for the other substances. Points have 
been calculated on the basis of r=0-16, the best straight line being obtained 
with this value; the slope of the line gives a value of k,, equal to 0-00072 min-. 
In view of the influence of the size of the eye on the rate of penetration it 
must be recorded that the average weight of the animals used for this sub- 
stance was rather higher (2-5 kg) than for the other substances studied (about 
2-2-2 kg). 


Fig. 5. The penetration of sucrose. r=0-16. Circle with vertical line through it 
represents the penétration of raffinose. 


Effects of vasodilatation 


The blood-aqueous barrier in the rabbit is easily broken down by agents 
that cause a pronounced dilatation of the vessels in the iris; as a result, 
protein appears in the aqueous humour in concentrations as high as 1-2%. 
A very effective agent in this respect is nitrogen mustard (Davson & Quilliam, 
1947); the exudation of protein into the aqueous humour as a result of the 
application of this.substance seems to occur exclusively from the anterior 
surface of the iris. It was of interest to see whether there were any marked 
quantitative differences in the responses of the eye to vasodilatation related 
to the rates of penetration of different substances. Nitrogen mustard (0-05 ml. 
of-a 0-25% solution) was injected subconjunctivally into one eye, and the 
concentrations of the given substances injected into the blood determined in 
the aqueous humour after an appropriate period. Since *Na may be measured 
in the same sample as that used for the chemical determination, simultaneous 
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measurements of the effects of nitrogen mustard on the penetration of “Na 
and sulphanilamide on the one hand, and of *Na and sucrose on the other, 
were made. It will be seen from Table 2 that, if we take *Na as our basis of 
comparison, the effects on “Na, sulphanilamide, and sucrose are in this order 
of increasing magnitude, The effects on the penetration of sucrose are very 
marked, the increase being some eight times greater than that for *Na. This 
is probably due to the circumstance, as we shall see, that sucrose penetrates 
almost entirely through extracellular spaces in the iris; an increase in the 
size and number of these spaces will have a much greater proportional effect 
on the penetration of sucrose, therefore, than on the penetration of sulphanil- 
amide and “Na which probably enter mainly by transcellular mechanisms. 


Tasiz 2, Effects of breakdown of the blood-aqueous barrier on the rate of penetration of “Na 
and sulphanilamide, and *Na and sucrose. Two groups of experiments in which the simul- 
taneous effects on the penetration of “Na and sulphanilamide, and of *Na and sucrose, were 
measured. Ak,, is the mean percentage increase in &,, resulting from the application of nitrogen 
mustard 


No, of expte. Substance Ak. 
“Na 119+ 20 (s.z.) 
75 +20 (s.z.) 
4 “Na 39+11 (s.z.) 
Sucrose 344+90 (s.z.) 


It will be noted from Table 2 that the effects of nitrogen mustard on kin for 
“Na were much less in the second group of experiments, i.e. where sucrose 
was being compared with *Na. We have no explanation for this; sensitivity 
to nitrogen mustard varies from animal to animal, and it may simply have 
happened that less sensitive animals were used in the second group. 


The effects of unilateral carotid occlusion 
Unilateral carotid occlusion causes a homolateral fall in intraocular pressure 
(Bérény, 1946) and a decrease in the rate of penetration of “Na into the 
aqueous humour (Davson & Matchett, 1951). The effects on two sulphon- 
amides and sucrose were determined in this work; the results were as follows: 


Substance “Na Sulphanilamide] Sulphathiazole § Sucrose 
Mean percentage change: -9-541-6 ~ 4743-8 +8413 


where a negative sign indicates that carotid occlusion has caused a decrease 
in the rate of penetration. (The earlier results with *Na have been included.) 
The variability with sucrose was large because of the chemical errors; it 
should be noted, however, that of seven experiments performed, only one 
showed a decrease in rate of penetration into the eye on the same side as the 
occluded artery; three showed no effect, and three showed a chemically 
significant increase. 
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Effects of body size and depth of anterior chamber 

In kinetic studies of the sort described here it is advisable, on general 
ae to use rabbits of uniform eye dimensions, the ideal being to use 
animals of the same breed and age throughout. Unfortunately, this is an 
unattainable ideal in most laboratories, and in the present work the size of 
the animal, and consequently the size of the eyes, varied considerably. 
Ross (1951) remarked that large animals gave smaller values of k,, than did 
small animals, but he cited no results in support of this contention. In the 
present work a similar trend became noticeable, but it was considered that 
the volume of the aqueous humour, i.e. the depth of the anterior chamber, 
rather than the weight of the animal, was the determining factor. In the later 
stages of this work a record of the body weights and volumes of aqueous 
humour was kept. From the results with sucrose two groups were selected; 
those obtained from eyes containing 0-17-0-23 ml. (average 0-215) of aqueous 


TasBtE 3. Relation of k,, to body weight and the volume of the aqueous humour 


No.of Mean body 
0. aqueous humour 
Substance animals wt. (kg) (ml.) Mean &,,, (min-*) 
Sucrose 5 2-3 0-29 0-0004 
a 2-6 0-22 0-0011 
“Na 4 3-2 0-34 0-0089 
3 19 0-20 0-0150 
3 2-2 0-26 0-0087 


humour, and those from eyes containing 0-27-0-31 ml. (average 0-30). The 
mean values of kin obtained from the two groups were 0-00126 and 0-0006 min-! 
respectively, a result indicating an unequivocal inverse correlation between 
the volume of aqueous humour and the value of k,,. The strong correlation 
between body weight and volume of aqueous humour, however, makes a 
separation of these two factors statistically difficult. Fortunately, some 
animals were found to have body weights below, and volumes of aqueous 
humour above, the average and vice versa. From Table 3 it will be seen that 
it is the size of the eye, rather than the size of the animal, that is the determining 
factor. Essentially similar results were obtained in experiments with Na 
on animals specially chosen for this purpose. 


DISCUSSION 
The results of the experiments described in this paper have shown that, for 
a number of substances, the relationship between kin, the inward transfer 
constant of a penetrating substance, and r, the steady-state distribution ratio 
between aqueous humour and blood plasma, does not conform to the equation 
derived by Kinsey & Bérény. We may now proceed to develop amore realistic 
treatment of penetration from blood into aqueous humour, taking into account 
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the anatomical relationships of the posterior and anterior chambers, and see 
whether a theoretical relationship between r and kj, may be deduced giving 
predictions closer to the facts. 

Let us consider that a foreign substance is injected continuously into the 
blood, as before. The substance, we may assume, diffuses into the cells of 
the secreting ciliary epithelium at a rate determined by the parameter k, in 
the equation: ac | 

(4) 


where C, is the concentration of the substance in the secretory cells at any 
time, t. The secreting cells, we may assume, eject continuously into the 
_ posterior chamber a fluid which we may call ‘primary aqueous humour’, 
containing the substance in concentration, C,; the rate of ejection will be 
equal to the rate of drainage, given by the parameter, k,; it is the fraction of 
the total volume of aqueous humour drained away in unit time. Consequently, 
the concentration within the secretory cells, at any time ¢, will be given by the 
differential equation 


Stab (5) 
which gives on integration for C,=0 when ¢=0: 


According to this simple scheme—too simple as we shall see—the appearance 
of the substance in the aqueous humour will be determined by the equation 


dC 


Cp {1 — — ag. | (7) 


Since the flow constant, k;, is presumably the same for all penetrating 
substances, differences in rate of appearance in the aqueous humour will be 
determined by differences in k,; according to eqn. (7), the maximum rate of 
penetration into the aqueous humour will be given when k,= 0, when the 
equation becomes 


dC 


i.e, the transfer constant becomes equal to the flow constant. This would mean 
that the maximum transfer constant is limited to a value of 0-01 min- or 
thereabouts. In actual fact, constants considerably larger than this have been 
observed, consequently eqn. (7) is inadequate as it stands. A more realistic 
equation would be given by postulating an additional permeability process, 
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directly across the blood-aqueous barrier, in addition to that taking place 


from blood to secretory cells, Thus, if diffusion could take place from the iris 
directly into the anterior chamber, this would introduce a new factor allowing 
transfer constants of indefinitely high values. If we introduce, then, an 
additional parameter, kq, to take care of this diffusion process, we have 


adc 
Cyt (8) 


Eliminating C, with the aid of eqn. (6) and integrating we obtain 


where W=ka, X=ke+ka, and Z When t= 00, 


If penetration into the aqueous humour followed eqn. (9) it would be 
impossible to characterize the rate of penetration by a single parameter, k,,, 
as has been done in the past when using the simpler eqn. (2); instead, three 
parameters would have to be used which cannot all be computed separately. 
Thus the usefulness of eqn. (9) is at present limited; nevertheless, it is of value 
in indicating within what limits the simpler eqn. (2) is valid, and also as a 
means of assessing—tentatively at least—the relationship between the rate 
of inward penetration and the final distribution ratio r. 

We may note, first, that when k, is very high, eqn. (9) simplifies to 


Cp 
i.e. it is identical with eqn. (2), the value of r being unity and k,, being equal 
to (ky+kq). Thus the occurrence of substances penetrating in accordance with 
this simple equation, such as sulphanilamide, strongly suggests that, in their 
case, equilibration between plasma and secretory cells is very rapid indeed. 
This is understandable since the ciliary processes, which are lined by the 
secretory epithelium, are very richly supplied with blood, and the area-to- 
volume relationship of each individual cell is highly favourable to a rapid 
achievement of equilibrium. The diffusion process, represented by ka, is 
assumed to occur over the iris, which is less highly vascularized, and has a 
much smaller area in relation to the volume of fluid with which it has to 
equilibrate. We have seen that sulphanilamide, with a k,, of 0-0134 min~, 
obeys the above simple relationship, whilst thiourea, with a k,, of 0-0086 min~, 
comes very close to obeying it, with a minimal value of r equal to 0-95. 
Consequently, the limiting value of k,, at which the simplified form of eqn. (9) 
is followed lies between these two values; let us suppose it is 0-012 min~, 
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It is unlikely to be higher and may very well be less. This means that 
min-; if is 0-01 min (Bérény & Kinsey, 1949) this leaves 
a component for diffusion of 0-002 min-. 

Let us now consider how less rapidly penetrating substances will behave, 
and show how a relationship between rate of penetration and r could be 
predicted. As we have noted before, the rate of penetration cannot, in this 
case, be truly expressed as a single parameter, k,,, since eqn. (9) contains two 
exponential terms, one of which (exp— Yt) becomes the more significant the 
more fr differs from unity. Nevertheless, it is sufficient for our purpose if we 
assess an ‘apparent k,,’, the parameter in the equation 


Cag 
Cri 


obtained by substituting appropriate values of C,,/Cp, and ¢; for simplicity, 
we may choose the value of ¢ required for C,,/Cp, to be equal to },, i.e. the 
‘half-life’. Thus our problem is to assign values to k, and kg such that varying 
values of the half-life are obtained from eqn. (9); these half-lives are sub- 
stituted in the above simple equation to give an ‘apparent k,,,’, i.e. the para- 
meter that previous investigators would have assigned to a given substance 
if they had found this value of the half-life. The selection of these values of 
k, and kg need not be arbitrary; thus we know that, when &,, is in the region 
of 0-012 min-, &, is infinity and k, is 0-002 min-'; to obtain smaller values of 
k,, and values of r less than unity, k, must be given a series of decreasing finite 
values. If the diffusion factor represented by k, consisted, for the relatively 
slowly penetrating substances we are about to consider, of penetration through 
water-filled intercellular pores, we could consider it to be tolerably constant by 
comparison with the variation of k, which involves penetration of cellular 
membranes; with this assumption we have merely to vary k, from infinity 
to zero, and the result is shown as the curve in full lines in Fig. 6. On the 
curve have been put points to represent the experimentally determined values 
of ‘apparent k,,,’ and r, taken from the present work. The curve can only be 
taken, of course, as a rough indication to the relationship between k,, and r; 
more precise predictions will only be possible when the flow constant, k,, and 
the limiting value of k,, at which r becomes unity, have been more exactly 
determined. This limiting value of k,,, has been assumed to be 0-012 min-', but 
it may very well be 0-010 min or even less. Another assumption that requires 
further justification is that the diffusion factor, represented by ky, would 
remain constant over this range; if this factor were, indeed, due to diffusion 
through water-filled pores, we should have to introduce a correction for 
thiourea since its molecular weight is markedly different from that of the rest 
of the substances considered. Since kq is necessarily small compared with k,, 

wever, at any rate over the upper range of values for ‘apparent k,,,’, these 
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corrections will not be very significant. Alternatively, we may assume that 
the diffusion factor is also determined by the penetration of cell membranes, 
e.g. of the cells of the iris capillary endothelium; in this case the difference 
between &, and kg may be entirely determined by the different area-to-volume 
relationships between secretory cells on the one hand and the surface of the 
iris and volume of aqueous humour on the other. If this is true, ka may be 
taken as some fraction of k,; we may note that, when k, is equal to 0-2 min-! 
and kq is equal to 0-002 min-", r is quite close to unity (0-95), i.e. that k, at 

10 
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Apparent k.. (100) 
Fig. 6. Relationship between ‘apparent &,,’ and r computed from eqn. 9. ——-: iris diffusion 
factor is constant at 0-002 min-'; - - - - - -: iris diffusion factor variable. 


the upper end of the curve is about 1% of k,. If now, with this value of ks 
as our starting-point, we decrease k, and k, in proportion, kg being 1% of k,, 
we get the curve in dotted lines (Fig. 6); the difference between the curves is not 
great, certainly not great enough to warrant further detailed discussion of the 
exact relationship between k, and k, for any given value of ‘apparent &,,,’. 
As we shall see, it seems most likely that the parameter ky represents a 
diffusion process through intercellular spaces and through cells, the relative 
importance of the two paths being determined by the value of ky; when this is 
high, a trans-cellular route is a significant factor; when low, as for example with 
protein or sucrose, diffusion may be entirely intercellular. 


The penetration of sucrose 
Sucrose, with a molecular weight of 342, and containing some eight 
hydroxyl-groups, is unlikely, on a priori grounds, to penetrate cell membranes 
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at a significant rate, so that it is probable that the penetration of this sub- 
stance into the aqueous humour is an example in which k,, the constant for 
penetration into the secretory cells, is zero. In this case, eqn. (9) assumes the 
simple form 


Caq = r{l 
Cp, 


with r equal to ka/(kq +4) and kj, equal to kq. 

ki, has been found to be 0-00072 

If sucrose does, indeed, penetrate through intercellular spaces, we may ask 
whether these spaces are really large, for example of the order of size of a 
protein molecule, or whether they are much smaller, permitting the penetration 
of sucrose, but not raffinose, for example. We may note that protein is present 
in the normal rabbit’s aqueous humour, but in such small concentrations as 
to be generally ignored. If sucrose penetrated only through the pores available 
to protein, we might expect the rates of penetration kq of sucrose and serum 
albumin to be roughly in the inverse ratio of the square roots of their mole- 
cular weights. Since the value of r will be directly proportional to ka, we may 
expect the steady-state ratios to be inversely proportional to the square 
roots of the molecular weights. The concentration of serum albumin, roughly 
estimated, in the aqueous humour of the rabbit is about 1/100 of its value in 
the plasma, i.e. r for serum albumin is about 0-01. The value of r for sucrose 
should therefore be given by 0-01 x ,/(67,500/342) =0-14, comparing with the 
experimentally determined value of 0-16. Before drawing any definite con- 
clusion from this agreement, we must note that, on this basis, raffinose, with a 
molecular weight of 504, should have a kin about 0-8 times that for sucrose. 
This would appear to be contradicted by an earlier finding in the dog (Weld, 
Feindel & Davson, 1942) to the effect that raffinose penetrated very much 
more slowly than sucrose. However, it is unwise to argue from one species of 
mammal to another where the composition of the aqueous humour is con- 
cerned (Davson, Matchett & Roberts, 1952); moreover, raffinose is a rare and 
expensive sugar so that in the earlier work on a large animal like the dog only 
sufficient material was available for two experiments. The matter was re- 
investigated in the rabbit; the mean result obtained from six separate rabbits, 
using a single time-interval of 90 min, has been plotted in Fig. 5 as a point 
with a vertical line through it, whose length indicates twice the standard 
error. The mean value of k;y for raffinose was 0-00064 min-!, comparing with 
the value of 0-00072 min~* computed from the straight line representing the 
penetration of sucrose. The two sugars therefore penetrate at comparable 
rates, a finding consistent with the idea of penetration through pores large 
by comparison with the size of the raffinose molecule. We may note here that 
if r in the case of sucrose is equal to kq/(kq+4,), the value of ky would appear 
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to be 0-0045 min-", i.e. about half the value of 0-01 min-! chosen for the earlier 
calculations, a value based on the determinations of Barény & Kinsey. 

Possible explanations for this discrepancy may be enumerated: 

(a) The presence of sucrose in the blood slows the rate of flow. The con- 
centration in the blood was of the order of 11 mm; the concentration in the 
aqueous humour was, at its highest, only about one-sixth of this, so that an 
abnormally high amount of osmotic work was being performed in the elabora- 
tion of the aqueous humour; this may have had the effect of slowing its rate 
of production. 

(6) The physiological state of the animal may have altered with time. If, as _ 
seems reasonable, the penetration of sucrose occurs mainly, if not entirely, 
by way of the intercellular spaces of the iris capillaries, we may expect the 
value of k,,, for this substance to be critically determined by the tone of these 
capillaries. The effects of nitrogen mustard, and the great animal-to-animal 
variability encountered, bear this out. It may be, therefore, that the con- 
tinuous injection of isotonic sucrose, at about 0-5 ml./min for periods up to 
5 hr, would result in a gradually developing capillary engorgement that would 
give abnormally high values of C,,/Cp, at the longer time-intervals. The effect 
of this would be to give abnormally high values of both k,,, and r, but since the 
value chosen for r to give the best straight line is largely determined by the 
values of O,,/Cp, at the long time-intervals, the error due to this cause would 
be mainly shown in the value of r. 

(c) Barany & Kinsey’s figure for the flow constant k, may be too high. 
There is certainly some indirect evidence bearing on this point; in this work, 
ky, for *Na has been found to be 0-009 min-'; r, found by direct chemical 
analysis (Davson et al. 1952) is 0-955, whence k,,, is 0-0094 min-. ky, must 
be made up of the flow process k, and the diffusion process kg, i.e. 


Kout = + ka. 
The minimal value of k, will be given by assuming that “Na penetrates the 
iris only through the intercellular spaces available for sucrose, raffinose, etc. 
The value of hk, for sucrose has been equated to k,,, namely 0-00072 min“; 
the diffusion coefficient for NaCl is some 3-2 times that of sucrose, hence kg 
for NaCl is in the region of 0-002 min-'. Thus k, would appear to be equal to 
0-0094 — 0-002 =0-0074 min-. 


Effects of nitrogen mustard and carotid occlusion 
Nitrogen mustard causes a strong dilatation of the capillaries of the iris; 
the intra-ocular pressure rises (Davson & Huber, 1950) and protein appears in 
easily measurable amount in the aqueous humour. The effects of this in- 
creased permeability of the iris capillaries on kin will be the more marked the 
more a given substance depends on the extracellular iris route for penetration. 
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If our arguments are correct, then, sucrose should show the greatest influence ; 
and this has been found. The effect on “Na is significantly greater than that 
on sulphanilamide; this observation accords well with the hypothesis that the 
penetration of “Na from the iris is confined to the intercellular spaces, whilst 
the penetration of the lipoid-soluble sulphanilamide molecule involves not 
only these spaces but the actual cells of the capillary endothelium. The pro- 
portional effect on rate of penetration will thus be smaller with sulphanilamide. 
Unilateral carotid occlusion, by lowering the homolateral arterial pressure by 
some 40-60 mm Hg, probably causes a reduction in the capillary pressure of 
- the homolateral eye. If penetration from the iris consisted of a flow, i.e. an 
ultra-filtration, we should expect it to be considerably reduced by carotid 
occlusion. Since sucrose probably penetrates only from the iris, we should 
expect carotid ligature to decrease the k,, for this substance much more 
markedly than the k,, for sulphanilamide or “Na. In actual fact, if carotid 
occlusion had any significant effect on the penetration of sucrose, it increased 
it, whilst it decreased that of “Na, sulphanilamide and sulphathiazole. The 
result certainly suggests that flow of fluid from the iris into the anterior 
chamber is not an important factor. The diminution in the rates of penetration 
of “Na and the sulphonamides, resulting from carotid occlusion, could best 
be accounted for by a reduction in the flow constant k;. 


The effects of ipoid solubility 
We these be given by any substance 
with a very high value of k,, the transfer constant for penetration into the 
secreting cells, since in this case eqn. (9) takes the form : 


— 
Cp, 


We have seen also that this limiting condition is achieved with a value of 
kin, 1.€. (ky+kq), in the region of 0-012 min-'. Let us consider, now, the 
penetration of substances with transfer constants higher than 0-012 min-. 
Since k; is taken as constant at 0-01 min-, further increases of k,,, must be the 
result of increases in kg, the iris diffusion factor. Thus sulphanilamide has a 
value of k;, equal to 0-0134 min- giving a value of kg equal to 0-0034 min-'; 
n-propyl thiourea, with a kin of 0-0267 min (Fig. 4) gives a ka of 0-0167 min-; 
ethyl alcohol with a k,, of 0-07 min! (Palm, 1947) gives a ky of 0-06 min—. 
Such large increases in kq, paralleling as they do the ether-water partition 
coefficients of the substances (0-19, 0-39, 1-9), must be a reflexion of penetra- 
tion through cellular membranes; thus we may assume that, when the lipoid 
solubility is very low, penetration from the iris is by way of intercellular spaces 
only; as lipoid solubility increases, a point is reached where trans-cellular 
penetration becomes significant and finally, with a very high lipoid solubility, 
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it dominates the picture. The influence of lipoid solubility has been discussed 
before (Davson & Matchett, 1949; Ross, 1951), but in this earlier work it was 
ky, that was compared with ether-water partition coefficient, a procedure that 
led to an apparent anomaly which led us to investigate the possibilities of 
this new mathematical treatment. The anomaly is this: studies on plant and 
) animal cells indicate that an increase of tenfold in the partition coefficient 
results in an increase in permeability constant of at least tenfold (see, for 
example, Collander 1949), whereas in the case of the blood-aqueous barrier, 
although there is a fairly sound correlation between kin and partition coefficient, 
the factor by which kip increases with a tenfold increase in partition coefficient 
is much lower, of the order of five. If, however, ky is compared with the 
partition coefficient, the factor becomes much larger; in the case of the com- 
pounds cited, twenty. That it is k, that should be considered in relation to 
partition coefficient, rather than k,,, is clear from the mathematical formu- 
lation whereby k,, appears as ky +kq when r is equal to unity; in physical terms 
we may say that with substances giving a value of r equal to, or near, unity, 
equilibration between plasma and secretory cells is so rapid that increasing the 
ease with which the solute penetrates the cells has no measurable influence 
on this rate; consequently the only way in which this increased permeability 
may manifest itself is in an increased value of ky. 
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Before summarizing the conclusions to be drawn from this discussion, some apparent objections 
to the theoretical treatment may be briefly indicated. First, it may be argued that to assign a 
single parameter, k,, to the direct process of permeation from plasma to aqueous humour is too 
} great a simplification; instead, three processes should really be considered to give three para- 
meters as follows: 


Here C,, is the average concentration in the aqueous humour when the fluids from the anterior 
and posterior chambers are mixed; C,,, and C,,, are the concentrations in the anterior and 
posterior chambers respectively ; the first term represents diffusion from the anterior surface of 
, the iris, the second term represents a leak from the secreting cells, and the third term diffusion 
from the posterior surface of the iris. If our earlier arguments are correct, in the initial stages of 
penetration the second and third terms are indeed very significant, and lead to the rapid rise in 


C 
the average value of C,q responsible for the break in the graph of In (1-48 against time 


(Figs, 1-3); beyond this point, however, C,,, is probably fairly close to Cp,, so that the third 
term becomes small; moreover, since the volume of aqueous humour in the posterior chamber is so 
small, C,,4 Will rapidly approach C,, the concentration of the fluid constantly extruded from the 
cells. This will tend to make the second term vanish. Thus, in the region beyond the break in the 


Ross, 1952); consequently, according to Fig. 6, r should be equal to unity. However, this is to 
the of the retina in utilising gluocee; and it sccm very likely 


graph, the use of a single parameter to characterize the direct permeation from plasma to anterior 
aqueous humour is justified. | 
Secondly, we may point to the anomalous position occupied by the sugars. So far as the total 
reducing substances of the plasma, consisting mainly of glucose, are concerned, r for the rabbit is 0-85 | 
(Davson & has been as about 0-02 min- (Harris & Gehrsitz, 1949; 
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that the deviation of r from unity is entirely determined by this (Davson & Duke-Elder, 1948). 
Thus the concentration of glucose in the vitreous body is nearly half that in the aqueous humour; 
the newly formed primary aqueous humour must lose a great deal as it flows in contact with this 
body ; in flowing over the lens, with a mass some twice to three times the mass of the whole volume 
of aqueous humour, it must lose more, and thus a steady state, in which C,, is considerably less 
than Cp, is only to be expected. It is interesting, in this connexion, that in the cat &,, for glucose 
is about 0-012 min=, i.e. nearly half the figure for the rabbit; the steady-state ratio is lower, 0-77, 
but not so much lower as might be expected if the sole factor concerned were the relative values 
of k,,; the cat, however, has a much higher proportion of aqueous humour to lens than the rabbit ; 


moreover, the flow constants do not seem to differ markedly (Langham, 1951); consequently the 


lens will have a smaller effect on the concentration in the aqueous humour in the case of the cat 
than in that of the rabbit. It is worthy of note that the sugars are sharply differentiated from all 
the substances hitherto studied in both the cat and rabbit, in that the &,, for sugars is markedly 
different in the two species; thus “Na, urea, thiocyanate, sulphapyridine, and sulphathiazole 
give values of k,, that are roughly the same in the two species. It was suggested by Davson & 
Duke-Elder (1948) that the comparatively rapid rate of penetration of hexoses into the eye was 
the result of a membrane specialization, i.e. the development of active groups or carriers that 
would permit these highly lipoid-insoluble substances to cross the barrier with some ease; a 
similar type of membrane specialization had been observed in the cat erythrocyte (Davson & 
Reiner, 1942). If this is true it is not surprising that hexoses have larger transfer constants into 
the rabbit’s eye than in the cat's; the greater volume in proportion to the aqueous humour of the 
lens, in the case of the rabbit, demands a greater degree of membrane specialization to permit the 
adequate nutrition of the lens; such a specialization would leave the transfer constants for other 
substances, such as sulphonamides, unchanged. In support of this viewpoint is the finding of 
Ross (1952) that, in the alloxan-diabetic rabbit, k,, for glucose was very much reduced below 
normal and insulin produced a marked increase of b,, . 

Finally, we must not ignore the possibility that a considerable portion of the resistance to 
penetration of a substance from blood to aqueous humour resides in the capillary endothelium of 
the ciliary body; such a possibility had occurred to us some years ago, and various attempts were 
made to establish the truth or otherwise of this proposition, but with inconclusive results ; recently 
Palm (1951) has brought forward some evidence in favour of it by studying the simultaneous 


. concentration of “Na in aqueous humour on the one hand, and the ciliary body and iris on the 


other. We may note, however, that the same mathematical treatment would be approximately 
valid, k, acquiring a new significance, representing the resistance to penetration of both the 


capillary endothelium and the secreting cells. 


The picture emerging from this work may now be briefly summarized: 
aqueous humour is elaborated continuously by the secretory cells lining the 
ciliary body. The newly formed fluid is ultimately drained away into the blood 
by way of Schlemm’s canal. For a foreign substance injected into the blood | 
to find its way into the aqueous humour, the routes available depend on the 


nature of the substance; a large highly water-soluble molecule such as 


raffinose will enter only by way of the iris through the interspaces of the 


capillary endothelium; a substance with a partition coefficient in the region 


of 0-01, such as thiourea, will enter predominantly by passing through the 
secretory cells of the ciliary epithelium, but also by the intercellular route 
through the iris capillaries—from which it cannot be excluded—and to some 
extent also across the individual cells of the iris capillaries. As the partition 
coefficient of the penetrating substance increases, the significance of this trans- 
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capillary route increases, so that when ethyl alcohol, with a partition coefficent 
of 1-9 is reached, its contribution to the achievement of equilibrium is some 
six times that of the secretory cells of the ciliary epithelium. 


SUMMARY 

1. The detailed kinetics of the penetration of sulphanilamide, sulphadiazine, 
sulphapyridine, thiourea and sucrose across the blood-aqueous barrier have 
been described, with a view to establishing the relationship between the steady- 
state distribution ratio of a given substance and its rate of penetration. Less 
complete studies on thiocyanate, “Na, n-propy] thiourea, and raffinose are also 
reported. 

2. The results of these studies, together with measurements of the effects 
of nitrogen-mustard and unilateral occlusion of the carotid artery, suggest 
that the penetration of a given substance may be described in terms of a dual 
process; penetration of secretory cells that are constantly ejecting fluid into 
the posterior chamber of the eye, together with a direct diffusion into the 
anterior chamber. 


It is a pleasure to acknowledge the assistance of our instrument-maker, Mr C. A. Purvis, 
throughout this work, and also the hospitality afforded by Prof. G. L. Brown, F.R.S. 
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It is the purpose of this communication to present data concerning the initial 
stages of the clotting of body fluids. The role of thrombocytes in the formation 
or the supply of thromboplastin has not been decided. It is believed by some 
workers that they are essential, whilst others think that thrombocytes do not 
influence the clotting process in a specific manner. Coagulation factors are 
present in both blood and lymph. The main difference between the two fluids 
is of quantitative nature, except that thrombocytes are not normally present 
in lymph (Howell, 1914). Lymph, because it does not contain thrombocytes 
and yet contains all other clotting factors, appears to provide a suitable body 
fluid in which this problem may be studied. 


METHODS 


Dogs were used as donors of blood and lymph. The animals were without food for at least 5 hr and 
some for 12 hr. The thoracic duct was approached by the technique of Grindlay, Cain, Bollman & 
Mann (1950). A cannula coated with silicone dry film (9987, General Electric Company) was 
introduced into the duct, and the lymph was withdrawn through it with silicone-coated pipettes. 
Blood was obtained from the jugular vein. Clotting times of lymph and blood were carried out 
either in pyrex glass tubes or in pyrex tubes coated with silicone. Determinations were carried out 
in duplicate, using the technique of Lee & White (1913). In the case of blood the results differed 
from each other by not more than 2 min, and in the case of lymph by not more than 5 min. 
Citrated lymph was prepared by adding 1 vol. of 0-13 m-trisodium citrate to 4 vol. of lymph. 
Citrated blood was obtained by adding 9 vol. of blood to 1 vol. of the citrate solution. Protein 
determinations were carried out by a biuret technique (Robinson & Hogden, 1940). 

For the fibrinogen estimations the specimens were diluted ten times with 0-15 m-NaCl and fibrin 
was produced with a commercial bovine thrombin preparation. The fibrin clot was washed with 
0-15 m-NaCl until soluble proteins were absent and then its protein content was estimated. 

Prothrombin values were obtained by the technique of Quick (1945). The results obtained by 
this procedure are influenced by other factors in plasma or lymph, as has been indicated by several 
workers (Quick, 1943; Fantl & Nance, 1946; Owren, 1947). 

Prothrombin accelerator is a component of plasma which accelerates the conversion of 
prothrombin to thrombin. Oxalated plasma from which prothrombin has been removed by 

* Part of the expenses of this investigation were defrayed by a grant from the National Health 
and Medical Research Council, Australia. ; 
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adsorption on to freshly prepared barium carbonate or barium sulphate contains this factor 


tl & N 1948). 
cae viScations of 0-1 ml. citrated plasma or lymph were carried out by the addition of 0-1 ml 
of 0-025 m-CaCl,. The thrombin clotting time was determined with 0-2 ml. citrated plasma or 
lymph to which was added 0-1 ml. aqueous bovine thrombin. All clotting experiments were 


carried out at 37° C. 

RESULTS 
Clotting times were measured in eleven pairs of corresponding samples of 
lymph and blood. The scatter diagrams show the clotting times of lymph in 
Fig. 1, and those of blood in Fig. 2. The mean values of the observed clotting 
times are plotted on a log, scale. 


100 100 = 
0 10 100 1000 0 10 100 
Fig. 1. Fig. 2. 


Fig. 1. Clotting times in minutes of dogs’ lymph at 37° C. Abscissa: clotting times 
in siliconized tubes. Ordinate: clotting times in glass tubes. 
Fig. 2. Clotting times of dogs’ blood. Conditions similar to those of Fig. 1. 


_ The clotting times of lymph in silicone-coated tubes cover a range from 
16 to 300 min. Considerably shorter times, between 6 and 12 min, were 
observed in most instances in glass containers. The lymph was in some 
almost clear and in others very turbid, but this did not seem to hance 
a marked difference in the result except for two specimens of turbid lymph 
which took 15 and 23 min respectively to clot. The corresponding blood 
specimens covered a far narrower range. 

It was noticed that in contrast to blood, the clots in the lymph specimens 
did not retract. This is due to a deficiency of thrombocytes (Hayem, 1896). 

From the fact that glass has such a marked enhancing effect on the clotting 
of lymph, it appears that certain components are transformed by surface 
forces into the active coagulation factors. The results indicate that the forma- 
tion of thromboplastin in lymph is in a qualitative respect similar to that 
of blood, and that thrombocytes are not required for the formation of 
thromboplastin. 

In the following experiments lymph and plasma are compared with regard 
to other factors involved in the clotting process. 
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In column A of Table 1 are recorded clotting times obtained after addition 
of calcium chloride to citrated fluids. ‘It will be noted that the lymph speci- 
mens showed in most cases a longer coagulation time than plasma; but with 
one exception the prolongation was not excessive. 
Taste 1. 


Thrombin 
Recalcification time Fibrin (mg 
time protein 100 ml.) 


Expt. - A 
no. Lymph Lymph Plasma | Lymph Plasma Lymph Lymph 
1 100 70 16 18 
2 110 180 . 100 70 32 38 360 200 — — 
3 100 420 100 50 19 20 
4 100 165 100 50 a _- 175 75 58 - 62 
5 110 9 100 50 150 40 4:5 2-7 
6 180 225 100 50 27 31 90 40 4-7 3-8 


, Column B summarizes the prothrombin results obtained by the one-stage 
prossdame of Quick (1945). These figures are in agreement with results obtained 
by Brinkhous & Walker (1941) who have found the average prothrombin 
concentration in thoracic duct lymph of dogs to be 50 % of that of dogs’ plasma. 
| Clotting.times obtained by the addition of thrombin to citrated specimens of 
both plasma and lymph are given in column C, Table 1, and again it is found 
that lymph requires a longer time to clot than plasma. The slight delay in the 
thrombin clotting: time of lymph can be explained satisfactorily by the 
difference in citrate concentration of the two fluids and perhaps by the 
difference in idicieams concentrations. These are reported in column D, 
Table 1.. 

The fibrinogen eoncentgation vaaiod hetween 25 and 55% of that found in 

plasma. On the other hand, the total protein concentration in lymph 
(column E, Table 1) was 60-90% of that of plasma, similar to findings 
recorded by Drinker & Yoffey (1941) and more recently by Nix, Mann, 
Bollman, Grindlay & Flock (1951). The reason for the lower concentration 
and the greater variation of the concentration of fibrinogen in lymph is not 
clear, It is certainly not due to the presence of a fibrinolytic enzyme, since 
a test for fibrinolytic activity carried out in lymph specimens diluted 4 times 
and incubated for 48 hr at 37° C in the presence of calcium ions showed no 
fibrinolysis. 
. The presence of prothrombin accelerator in lymph is indicated by the 
following experiments. Determinations of prothrombin were carried out on 
specimens diluted with 0-15 M-sodium chloride (column A, Table 2), and in 
another series the diluting fluid was oxalated dogs’ plasma treated with barium 
carbonate (column B, Table 2). 

The results given in Table 2 represent the lowest and highest limits of values 
obtained on six occasions. It will be seen that the dilution curves for plasma 

3-2 


avd 
a 
| 


36 P. FANTL AND J. F. NELSON 


and lymph are of a similar pattern, except that the lymph curve starts at 
a level which is approximately 50% of that of plasma. The prothrombin time 
of both body fluids is decreased by the addition of prothrombin accelerator and 
the degree of activation is quantitatively of the same order. | 


Taste 2. Prothrombin determination in citrated dogs’ lymph and citrated dogs’ plasma 


(Results are given in seconds) | 
| Lymph. Dilution with Plasma. Dilution with 
0-15 m-NaCl BaCO, plasms 0-15 m-NaCl plasma 
% diluent A A’ 
0 9-10-5 7-5-9 
50 10-13 9-10-5 
75 15-24 11-13 11-12 9-10 
87-5 50-55 — | 16-23 
DISCUSSION 


The study of the initial stages of the process leading to fibrin formation in 
lymph has not received the same attention as that of blood, and yet it could 
give the answer to a controversial problem. A comparison of the clotting 
processes in these two body fluids should indicate the role of thrombocytes of 
which lymph is devoid. Supply and activation of thromboplastin are connected 
by several workers with thrombocytes (Brinkhous, 1947; Quick, 1947; Biggs, 
1952). It can be shown that thromboplastin activity is not dependent upon 
the surface property of the container; e.g. the addition of a brain extract to 
haemophilic plasma, whether kept in silicone-coated or glass tubes, gave 
a clotting time of 18 sec. Therefore the pronounced prolongation of the coagu- 
lation time of blood and the much larger effect on the coagulation time of 
lymph collected in siliconized tubes when compared with that of glass indicates 
that neither blood nor lymph contains active thromboplastin. From the fact 
that lymph collected in glass vessels very often clots in times not considerably 
longer than blood tested under similar conditions, it is concluded that throm- 
boplastin formation can take place in the absence of thrombocytes. The cellular 
material present in lymph has weak thromboplastic properties. These are 
increased .when drastic procedures such as freezing and thawing are used or 
when lymph is left longer in contact with citrate or oxalate before recalcifica- 
tion. It is very unlikely that breakdown of the cells present in lymph occurred 
during the short incubation periods in the reported experiments. The depen- 
dence of the clotting of blood and lymph on the surface properties of the 
container suggests that blood as well as lymph contains precursors of the 
thromboplastin complex, which in contact with glass are more quickly con- 
verted into thromboplastin than when in contact with silicone. The delayed 
clotting time, as well as the increased prothrombin and thrombin clotting time 
of thoracic duct lymph, are readily explained by the fact that the concentra- 
tion of the coagulation factors present is between 50 and 60% of that of plasma. 
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The results suggest that the coagulation process of dogs’ lymph i is similar to 
that of platelet-free diluted dogs’ plasma. Our conclusions are in agreement 


with those of Hartmann & Conley (1952), who have investigated the clotting 
properties of canine platelet-free plasma. 


SUMMARY 


1. Thoracic duct lymph of dogs clots in far shorter time when in contact 
with glass than when in contact with a water-repellent siliconized surface. 

2. The concentration of the coagulation factors is 50-60% of that of blood 
plasma with the exception of fibrinogen which has greater variation. 

3. The initial stages of the clotting process of lymph are explained by the 
presence of thromboplastin precursors whose rate of conversion into active 
thromboplastin depends on the surface properties of the container. 


It is desired to acknowledge the assistance of G. D. Rudduck, M.B., B.S., B.V.Sc. and Miss L. 
Ebbels, B.Sc. 
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PROPRIOCEPTIVE DISCHARGES FROM STRETCH-RECEPTORS 
IN THE KNEE-JOINT OF THE CAT 
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The capsules of mammalian synovial joints are known to contain a variety of 
sense-organs (for references see Samuel, 1948). Little is known, however, 
about the precise function of any of these sense-organs. This is rather sur- 
prising, in view of the importance of the joints in health, and in view of the 
prevalence of diseases of the joints which are both crippling and painful. The 
appreciation of the relative positions of different parts of the body is exceedingly 
precise in man, even without the help of the eyes. For example, if the eyes are 
closed and a small object is put down with one hand it is possible, still with the 
eyes closed, to pick the object up again, with either hand. Presumably the 
position of the hand is deduced from an assessment of the angles of the various 
joints. This implies that there must be available very accurate information 
about the relative positions of the bones forming each joint. Stopford (1921) 
concluded, from a study of human peripheral-nerve lesions, that, although 
information about movements of the fingers can be derived from endings in 
muscles and tendons, accurate localization of the fingers depends on eyenrent 
impulses from the phalangeal joints. 

Various physiological responses have from time to time been attributed to 
impulses in nerves from the joints. Comroe & Schmidt (1943), for example, 
described effects on respiration produced by passive movements of the limbs. 
They showed that changes in respiration could still be observed on moving the 
knee of the dog after cutting the tendons of surrounding muscles, and that the 
effect was abolished by denervating the knee-joint. The nerve-impulses 
producing the changes in respiration must therefore arise in the joint. 

Impulses from sense-organs in the joints have occasionally been observed, 
but the discharges have never been analysed in detail. Adrian & Umrath 
(1929) mentioned that they observed impulses in the sciatic nerve of a frog on 
movement of the knee-joint after all muscular branches of the nerve had been 
cut. Gardner, who has made an important contribution to our knowledge of 
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the histology of the knee-joint of the cat, has also recorded an afferent dis- 
charge from the joint. He studied the innervation of the knee-joint (Gardner, 
1944) and related the ranges of conduction-velocity for impulses in the 
articular nerves to the ranges of fibre-size in those nerves (Gardner, 1948)). 
In the course of this investigation he recorded afferent impulses in the posterior 
articular nerve, and observed a spontaneous discharge whose frequency could 
be increased by pressing lightly on the joint capsule (Gardner, 19485). 

An analysis has now been undertaken of the stimulus-response relationship 
for the afferent discharge in the posterior articular nerve to the knee-joint of 
the cat. The results show that there are proprioceptors present in the joint and 
that they can give rise to accurate information about movement of the joint 
and about the relative position of the bones forming it. A preliminary report 
of this work has already been given (Boyd, 1953). 


METHOD 


All the experiments reported in this paper have been carried out on decerebrate cats. The femoral 
and obturator nerves on the left side were cut in the groin and the left sciatic nerve was cut at the 
hip. The muscles of the left hind limb were thus relaxed so that the knee-joint could be moved 
freely. The left femur was then immobilized with bone-pins so that the back of the knee-joint was 
uppermost. The popliteal fat-pad and both heads of the gastrocnemius muscle were removed 
after careful ligation of their numerous blood vessels. 

The posterior articular nerve to the knee (Gardner, 1944, p. 14) was identified and dissected 
away from the posterior tibial nerve, to which it is closely bound for about 1 cm after emerging 
from the sheath of the main nerve. A length of 2-3 cm of fine nerve (about 0-2 mm across) was 
then available, and this was arranged to lie over a small black glass platform so placed as to 
interfere as little as possible with flexion of the knee-joint. The skin flaps were held out to form 
a hollow (Text-fig. 1) which was filled with liquid paraffin. This pool of paraffin was maintained at 
about 37° C by infra-red lamps controlled by a thermistor dipping into the paraffin, close to the 
nerve. 

The nerve was subdivided under a binocular dissecting microscope and the twigs so obtained 
were hooked over small platinum recording-electrodes leading to an amplifier of conventional 
design. Movement of the joint was produced by a system of threads and pulleys driven by a weight 
and dashpot so that the rate and the limits of a particular movement could be reproduced at will. 
The shaft of one of the pulleys turned the spindle of a potentiometer connected across a battery. 
A signal was thus obtained which indicated the angular movement of the joint on a second beam 
of the oscillograph. A protractor was arranged with its zero corresponding to the line of the 
femur. A bone-pin driven into the tibia served conveniently as a pointer. The angle between tibia 
and femur could then be read directly in degrees of extension. The angle of insertion of the bone- 
pin used as a pointer could not be very accurately controlled and was probably not quite the same 
in each animal. This means that the angles between the bones may have been assigned numerical 
values differing from the true values by a few degrees. Changes in angle, however, were accurately 
recorded. No convenient method was devised for accurate reproduction of twisting movements. 

Subdivision of the nerve was continued until the response in a particular range of movement 
included the discharge from only one, or at the most two, readily distinguishable units. In a few 
cases discharge-patterns of characteristic ‘single-fibre’ type were obtained from twigs obviously 
containing a number of nerve fibres. For a particular type of movement records were then taken 
of the response to movement in either direction through various angles at the same rate, and at 
various rates through the same angle. 
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Text-fig. 1. Diagram of the arrangement used to record action-potentials in the posterior articular 
nerve to the knee-joint of the cat during controlled flexion movements of the joint. Other 
movements could be produced with different arrangements of the threads and pulleys. 


RESULTS 


Satisfactory preparations have been obtained from twenty-three cats. In the 
observed discharges it has been possible to recognize and classify the responses 
of 121 different units. In many cases ‘single-fibre’ discharges were obtained 
and the responses of twenty-seven of these have been analysed in some detail. 

A change in the discharge could be produced by moving the joint, and 
almost all directions of movement have been found to stimulate one or more 
sense-endings. 

The possible movements of the knee-joint can be analysed into a number of 
components as follows: (1) Changes in the angle between the long axes of the 
tibia and femur such as occur in flexion and extension of the knee. These 
movements will be referred to as ‘flexion’ and ‘extension’. (2) Rotations of 
the tibia about its own long axis as in twisting the leg by rotating the foot. 
A clockwise rotation of the left tibia, produced by rotating the foot outwards, 
will be referred to as ‘outward twisting of the tibia’. Anticlockwise rotation of 
the left tibia, produced by rotating the foot inwards, will be referred to as 
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‘inward twisting of the tibia’. (3) Rotations of the tibia about the long axis of 
the femur, as in lateral and medial movements of the distal end of the tibia 
when the knee is partially flexed. These movements will be referred to as 
‘lateral (or medial) movement of the tibia’. (4) Gliding movements of the 
articular surfaces over one another. (5) Movements of apposition and separa- 
tion of the articular surfaces when the limb is in compression or in tension. 

Records of typical responses are shown in PI. 1. In Pl. 1, fig. 1, is shown the 
discharge from an intact articular nerve changing during a movement of the 
knee-joint. Subdivision of the nerve shows that the individual units can be 
classified into two main types: those in which impulses occur only during 
movement, giving similar responses to movement in opposite directions 
(Pl. 1, fig. 2); and those in which movement of the joint in a particular direc- 
tion produces an increase or decrease in impulse-frequency according to the 
direction of movement (PI. 1, fig. 3). In the first type there is no discharge so 
long as the joint is stationary; many different types of movement may elicit 
a ‘burst’ of impulses in the same unit; the impulses soon die away and it is not 
possible to produce a sustained discharge. Responses of this type will be 
referred to as derived from ‘rapidly-adapting’ sense-organs. In the second type 
sustained discharges are common; movement of the knee-joint produces 
a change in impulse-frequency rather than a ‘burst’ of impulses; different 
directions of movement have different effects on the impulse-frequency; when 
the knee-joint comes to rest at the end of a movement the impulse-frequency 
undergoes a process of adaptation lasting several seconds. Responses of this 
type will be referred to as derived from ‘slowly-adapting’ sense-organs. It was 
found that the action-potentials from the rapidly-adapting endings were about 
24 times as large as those from the slowly-adapting endings and this difference 
could not be attributed merely to differences in the conditions at the electrodes. 
An example is shown in PI. 1, fig. 4, where one unit of each type contributes to 
the response. 

End-organs of either type can be made to discharge individually by direct 
pressure with a probe applied to the appropriate area of the joint-capsule. 
The slowly-adapting endings continue to discharge as long as the pressure is 
maintained (Pl. 1, fig. 5), whereas the rapidly-adapting endings discharge 
only during the movements of application or of release of pressure. Of the 
121 units examined only seven were of the rapidly-adapting type and these will 
not be considered in detail. 

As each nerve-twig in turn was placed on the electrodes, various movements 
were tried in order to elicit a discharge or to modify a ‘spontaneous’ discharge, 
and the movement or movements producing an increase in impulse-frequency 
were noted for each recognizable unit. Table 1 shows the number of slowly- 
adapting units responding to each of the various movements attempted. Of the 
units in which the response to movement has been investigated the largest 
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number have shown an increased discharge on ‘outward twisting of the tibia ¢ 
Many of these also responded to other types of movement as indicated in the 


TBE 1. Classification of 114 occasions on which a recognizable single unit was encountered with 
_  ‘slowly-adapting’ response, to show the procedures found to produce an increase in 
impulse-frequency. Each unit appears in only one category in the table 
(As the experimental procedure imposed some systematic selection, this group of units should not 
be taken as necessarily a representative sample of the sense-organs in the knee-joint capsule.) — 


Type of movement (see text) ie No. of units 
Outward twisting of the tibia only 31 
Either outward twisting of the tibia or extension 5 
Either outward twisting of the tibia or flexion 8 
Either outward twisting of the tibia or flexion ; also discharged in time 2 
with the -beat 
Either ou twisting of the tibia or medial movement of the tibia ah 
Flexion ll 
Extension 
Inward twisting of the tibia 
Medial movement of the tibia 4 
Lateral movement of the tibia 2 
Other movements 2 
Discharging contin , uninfluenced by movement 3 
Discharging in the pulse- beat ( tigated) 4 
Total 92 


Direct pressure on the capsule produced an increase in impulse-frequency in every one of the 
above cases in which it was tried. A ‘slowly-adapting’ response to pressure was obtained in 
a further 22 cases in which the effect of movement was not investigated. 


In Pl. 1, fig. 6, is shown the response of a unit not discharging initially but 
discharging with increasing frequency during movement and continuing to 
discharge in the new position. In Pl. 1, fig. 7, a response is shown in which the 
impulse-frequency in the new position eventually decays to zero. In many 
cases a unit was found to be discharging steadily when the nerve-twig was 
first placed on the electrodes. The corresponding ‘single-fibre’ response to 
& movement is then as shown in PI. 1, fig. 8. If the joint is now moved in the 
opposite direction the impulse-frequency decreases, and positions can often be 
found on one side of which the ending does not discharge either at rest or 
during movement. This implies that there is a ‘critical’ position for the 
response. This will be referred to later. | 

The same movement may produce an increase in impulse-frequency from 
one ending and at the same time a decrease in the impulse-frequency from 
another. Such a response is shown in Pl. 1, fig. 9, where the discharges from 
two endings were picked up from the same nerve-twig. The action-potentials 
of the two units appear, by chance, with opposite polarity, and show frequency 
changes in opposite senses during the movement. | 

The impulse-frequency was plotted against time for each of the records 
obtained. As the records were often rather long, not every interval between 
impulses is represented in the graphs. At appropriate points in time several 
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measurements were made of the intervals between successive impulses, and 
the average of these measurements was used to derive the frequency at this 
point. This frequency was plotted to the nearest whole number of impulses 
per second. The scatter of the measurements rarely corresponded to a frequency 
difference of more than one impulse per second. A record of the type which is 
shown in part in Pl. 1, fig. 8, gives rise to a graph of the form of the full line 
in Text-fig. 2 which shows the time-course of the adaptation. The corresponding 
adaptation-curve for a movement between the same positions at the same rate 


Displacement 
Le 
132° 
Degrees of extension 


Seconds 


Te: Typical showing the responses of a single, slowly-adapting, sense-organ to two 

but in the opposite direction (i.e. the return movement) is shown by the broken 
curve. It will be seen that there is a steady discharge in the initial position, 
movement produces a change in frequency, and a steady discharge at a different 
frequency is ultimately established in the new position. The change during 
movement is ‘exaggerated’ and is followed by a compensatory adaptation to 
the final level. This adaptation may require up to 15sec where the impulse- 
frequency has to ‘pick up’ to the final level. This is rather longer than 
is usually required when the final value is approached from above. The 
exaggerated response in the broken curve includes a silent period during which 
the discharge ceases altogether. The duration of such silent periods has been 
found to be related to the initial impulse-frequency. The greater the initial 
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frequency, the shorter is the silent period. The duration of the silent period 
also depends on the change in degree of stimulation of the sense-organ. If 
@ movement only produces a small change in steady impulse-frequency there 
may be no silent period (Pl. 1, figs. 10, 11). | 

In Text-fig. 3 are shown the responses of the two units in Pl. 1, fig. 9, during 
a movement from one position to another and back again. The continuous 
curve corresponds to the spikes which are directed upwards, and the broken 
curve to those directed downwards. The differing behaviour of the two endings 
is clearly demonstrated, as is also the fact that in this case each ending has 


a specific steady frequency of discharge for each position. 
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Text-fig. 3. Graph of the responses of two slowly-adapting sense-organs during a movement 
through 36° (flexion) at 30°/sec, and back again. The impulses were recorded from the same 


nerve-twig (see Pl. 1, fig. 9). Note that the changes in impulse-frequency are in opposite 
senses, and that each unit returns to its original frequency of discharge. (Prep. 52.) 


If a movement between two positions is repeated at the same rate, similar 
adaptation-curves (Text-fig. 4) and similar final steady discharges are obtained. 
The steady discharges may be maintained over long periods. This is shown by 
the frequency of the occasions on which discharges were encountered in nerve- 
twigs when they were first placed over the electrodes, even when the joint had 
_ been stationary for an hour or two previously. Further, the same unit has on 
some occasions been maintained in contact with the electrodes for up to 5 hr 
without moving the joint and the discharge continued during this period. 
Measurements made at intervals showed that the frequency varied by less 
than 2-3 impulses per sec. On no occasion has a discharge been observed to 
stop after continuing unchanged for several minutes. 
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The striking similarity in the responses to a particular movement carried 
out at different times is further illustrated by Text-fig. 5, in which the con- 
tinuous curve was obtained some 15 min before the other two. The response 
of the same unit to movement at the same rate, from the same starting 
position, through different angles, is illustrated in Text-fig. 6. The steady 
impulse-frequencies ultimately reached and the courses of the adaptation- 
curves were quite distinct, although the final positions were only 2° apart. The 
initial rise in frequency follows the same course in each case. Text-fig. 7 
illustrates the responses (again of the same unit) to movement through the 


oli i a 
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Text-fig. 4. Graph of the response of a single unit during a repeated movement through 10° 
(flexion) at 16°/sec, and back again as indicated by the dotted line. Note the similarities in 
steady frequencies and in the courses of the adaptation-curves. (Prep. 54.) 


same angle at different rates. The peak frequency is greater with more rapid 
movement, but the steady frequency for the final position is the same in each 
case, 

Occasionally discharges were observed which, after some adaptation, stopped 
altogether, only a few seconds after the end of the movement. In such cases, 
however, it was usually possible, by a larger movement, to produce a main- 
tained discharge (Text-fig. 8). This type of response, therefore, does not 
indicate the presence of a different type of end-organ. It appears that, if the 
adaptation-curve is of such a form as would lead one to expect a steady 
frequency of less than about 10 impulses per sec as appropriate to the new 
position, then the discharge usually becomes irregular and stops within a few 
seconds, 
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0 1 2: 3 4 5 6 7 
Seconds 
Text-fig. 5. Graphs of the responses of a single unit during three similar movements from the 
same starting position, each through 14° (flexion) at 10°/sec. The displacement is indicated 


Prep. 50, unit C.) 


Seconds 
Text-fig. 6. Graphs of the responses of a single unit during flexion at 10°/sec through three different 
angles: A, 10°; ©, 12°; @, 14°. The upper curves show the frequencies of the impulses, the 
lower ones the angular displacements from a position of 132° of extension where this end- 
organ did not discharge. (Prep. 50, unit C.) 
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Text-fig. 7. Graphs of the responses of a single unit during movements between the same positions 
at four different rates: A, 35°/sec; @, 17°/sec; A, 10°/sec; O, 6°/sec. The displacements are - 
indicated by the thin lines. Note that the steady impulse-frequency in the final position is 
the same in each case. (Prep. 50, unit C.) 
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Text-fig, 8. Graphs of the responses of a single unit during extension at 12°/sec from the same 
position through three different angles: @, 7°; O, 5°; A, 3°. The full and broken lines below 
the response-curves indicate the corresponding displacements. Where the displacement is 
only 3° the discharge is not maintained. (Prep. 50, unit B.) 
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No simple relation has been found between the position of the joint and the 
steady adapted impulse-frequency of a particular sense-organ in that position. 
Four such relations are indicated in Text-fig. 9. The points indicate the steady 
impulse-frequencies before and after movement between various positions. 
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Text-fig. 9. The relation between impulse-frequency and position for four different sense-organs. 
The points represent the steady impulse-frequencies at the beginning and end of a number of 
movements. The order in which the points were obtained for a particular unit is indicated by 
the small numbers, and the directions of the movements during which records were taken are 
shown by the arrows. Where several numbers are associated with one point this shows that 
the same impulse-frequency was observed in the indicated position on several occasions. 
(a) A unit responding with increased discharge on flexion of the knee. The values plotted are 
also shown in Text-figs. 5,6. The values from Text-fig.7 might also have been included. 
(Prep. 50, unit C.) (6) A unit responding with increased discharge on flexion of the knee. 
@, readings obtained at the start and finish of three movements of flexion; 4, readings for 
four movements of extension. (Prep. 54.) (c) and (d) Units responding with increased dis- 
charge on outward twisting of the tibia. In each case the two sets of observations, indicated 
by the filled and open circles, were made at different times. (c, prep. 40; d, prep. 60.) 


The order in which the positions were reached is indicated by the small numbers 
beside the various points, and the arrows indicate the directions of the move- 
ments during which records were taken. Many of the points represent repeated 
observations. Different symbols on the one graph indicate different sets of 
readings obtained with the same unit. The apparent discrepancies between 
the two sets of points in each of the figures for twisting movements can be 
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ascribed to the fact that the position taken as zero may have been slightly 
different in the two sets of observations. 

The movements of the joint which could be investigated were limited in 
extent by the experimental arrangement. The electrodes have to be near to 
the joint as there is only a limited length of nerve available. This, of course, 
limits the extent of flexion movements as the tibia is brought up against the 
electrodes. There is also a limit to extension movements as the paraffin spills 
out of the pool and leaves the nerve-twig exposed. Text-fig. 10 indicates by 
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Text-fig. 10. Diagram showing the ranges of flexion and extension (full lines) over which various 
units were studied. An arrowhead indicates the direction of movement which produced an 
increase in discharge; the cross-bar shows the critical position (see text); a broken line 
indicates that part of the range of activity could not be studied owing to the limits of move- 
ment imposed by the apparatus. 


full lines the ranges of flexion and extension over which various units were 
studied. The direction of movement producing an increase in impulse-frequency 
is shown by an arrowhead; the broken lines indicate that the ending must be 
presumed to act beyond the limits of movement imposed by the experimental 
procedure. 

From Text-figs. 5-7 it is clear that the discharge from this particular unit 
does not start at the beginning of the movements. Where the rates of movement 
are the same (Text-figs. 5, 6), the discharge starts after the same interval; 
where the rates are different (Text-fig. 7), the delays are different. This 
suggests that the critical position is independent of the rate of movement. In 
fact, the position of 122° of extension was found to be critical for this unit, 
since discharge always started as this position was passed through, no — 
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what the rate of movement. Such a critical position was determined for each 
unit wherever possible, and the critical positions for the units represented in 
Text-fig. 10 are indicated by the cross-bars. No response was obtained from 
the unit over the range of movement indicated by the continuous line to the 
side of the cross-bar away from the arrowhead. 

It is clear that the ranges covered by individual sense-endings show con- 
siderable overlapping even amongst units responding in opposite ways, as has 
been shown already in Pl. 1, fig. 9, and in Text-fig. 3. The critical positions 
also show no systematic arrangement. ? 


Text-fig. 11. Diagram of the back of the knee-joint of the cat to show where various sense-organs 
were located as described in the text. Slowly-adapting sense-organs are indicated according 
to the movements producing an increase in discharge as follows: @, outward twisting of the 
tibia; 4, outward twisting of the tibia and extension; YW, outward twisting of the tibia and 
flexion; 7 ,fiexion; A, extension; x , direct pressure (movement not investigated). ([ indi- 
cates a rapidly adapting sense-organ. 

In the course of the study of the behaviour of each unit, attempts were made 
to locate the sense-organ. All the sense-organs studied were found to lie in the 
joint-capsule and their exact position was determined in the following way. 
The knee was set in a position in which the unit was discharging steadily, and 
the capsule was then explored with a probe until a region was found in which 
light pressure produced an increase in the frequency of the discharge already 
visible on the oscilloscope. It was not regarded as satisfactory just to produce 
a discharge by pressure where no discharge had been present before. A dis- 
charge produced in this way might come from an ending whose afferent fibre 
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is contained in the twig over the electrodes but which is not stimulated by the 
movement producing the particular ‘single-fibre’ discharge under investigation. 

A number of sense-organs, whose behaviour was known, were localized at 
the positions indicated by the triangles and circles in Text-fig. 11. Discharges 
were also obtained from slowly-adapting sense-endings at positions indicated 
by the crosses when pressure was applied with a probe. If the tip of the probe 
was moved sideways during the application of the pressure this traction on the 
capsule often produced an even greater frequency of impulses from the ending 
than did pressure alone. It will be seen that the majority of these endings lie 
near @ line across the middle of the back of the joint. There is, however, not 
sufficient evidence to make it possible to predict, from the position of an ending 
in the capsule, the nature of its response to movement. 

The frequencies of the impulses during movement rarely exceeded 100 im- 
pulses per sec even at the peak of the response, and on no occasion was 
a discharge observed at a frequency greater than 200 impulses per sec, even 
during direct traction on the capsule with a probe. The frequency of the steady 
discharge after adaptation was usually found to be between 10 and 40 impulses 
per sec, Discharges at less than 10 impulses per sec usually stopped after a few 
seconds. 

In addition to the units so far described, six units have been encountered 
which gave a single impulse or a short burst of impulses at each pulse-wave 
(Pl. 1, fig. 12). The impulses were of the size usually associated with the 
slowly-adapting endings and, in at least two cases, the impulse-frequency 
could be increased by moving the joint. In one case a continuous discharge 
was thus obtained whose frequency fluctuated rhythmically with each pulse- 
beat (Pl. 1, fig. 13). 

DISCUSSION 
The slowly-adapting discharge 
The results show that the posterior articular nerve to the knee-joint of the cat 
carries an afferent discharge derived from sense-organs of proprioceptive 
function. The endings are capable of sustained discharge at frequencies which 
are dependent on the position of the joint. 

The steady impulse-frequency achieved by a particular ending when the 
joint is at rest in any position appears to be specific for that position, and 
is independent of the rate of movement used to reach the position. This 
is indicated for three different units in Text-figs. 3, 4 and 7. The apparent 
precision is naturally dependent upon the environmental conditions of the 
end-organ. Its impulse-frequency is affected, for instance, by change of 
temperature and, although the discharges in various positions have shown 
marked precision over periods of an hour or two, there is no evidence that the 
same specificity is maintained indefinitely, and some biological variation 1s to 
4-2 
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When the position is altered, the change in frequency is exaggerated to 
a degree dependent on the rate of movement (Text-fig. 7) and the impulse- 
frequency then adapts to a steady value appropriate to the new position 
(Text-fig. 6), reaching this value within about 15 sec. If the movement is 
accurately repeated, the response of the end-organ follows the same course as 
before (Text-fig. 5). 

For each end-organ there is a critical position of the joint at which the 
discharge commences if the joint is moved through this position in the 
appropriate direction. 

The sense-organs responsible for these proprioceptive discharges can be 
localized in the posterior part of the joint-capsule overlying the line of apposi- 
tion of the bones (Text-fig. 11). As several endings have been found to respond 
by an increase in discharge on movement of the joint in more than one direc- 
tion (Table 1), e.g. on flexion as well as on outward twisting of the tibia, it 
must be presumed that for each ending there is some direction of deformation 
of the capsule which produces a maximal response. It follows that any move- 
ment “resulting in a deformation with a component in this direction will 
produce an increase in the discharge, and it is not surprising to find that the 
deformations produced by the pulse-wave sometimes affect the discharge of 
organs of this type (Pl. 1, figs. 12, 13). Traction applied directly to the region 
of capsule containing a sense-organ often produces a greater frequency of 
discharge than can be produced by direct pressure over the ending. It is 
probable, then, that the sense-endings are stretch-receptors responding to 
extension in a particular direction. If this is so, the sense-organs must be 
variously orientated in the capsule, and this is borne out by the localization 
in similar regions of the capsule of endings whose responses to a particular 
movement are in opposite senses. 

The ranges over which the individual sense-organs have been found to be 
active show considerable overlapping and there is also much dispersion in 
their critical positions. This means that there is no position of rest for the joint 
as a whole, so far as its proprioceptors are concerned. 

It seems likely that there may be some general relation between stimulus 
and impulse-frequency for this type of sense-organ. However, the relation 
between the position of the joint and the degree of stimulation of a particular 
ending must depend on the orientation of the ending as well as on the type of 
strain, e.g. tension or shear, imparted to the capsule. This might account for 
the fact that, when plotting the impulse-frequency against position in 
a particular type of movement, the curves for different endings have different 
forms (Text-fig. 9). No general form for the relation between stimulus and 
impulse-frequency can, therefore, be deduced from the results reported in 
this paper, but this does not mean that no such general relation exists. 

In studying the response of an end-organ in the capsule to a particular 
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movement of the joint it is very important to avoid components of movement 
other than the one under study. The response of each sense-organ will depend 
on the total amount of its deformation. Stray components of movement 
other than the one being studied will then have the effect of altering the 
apparent threshold of the sense-organ and may also affect the slope of the 
stimulus-response relationship deduced in the experiment. 

For a few endings the curve of impulse-frequency against position in 
a particular range of positions has been found to shift slightly along one of the 
axes between one set of readings and another without, however, changing its 
shape (Text-fig. 9 c, d). Such a shift along the position-axis has often been 
observed when twisting movements were being studied. Here a slight side- 
ways movement of the ankle between sets of readings could account for the 
shift of the curve, as it would have the effect of altering the conditions of 
strain in the joint-capsule and would give the appearance of a change in the 
position taken as zero. Further, the slight changes in temperature which 
occur when the heaters are turned off for a time during recording could produce 
a shift along the frequency-axis as well as a change in slope. Even if the 
possibility that there may be some biological variation in the stimulus- 
response relation of an ending is disregarded, there are sufficient known 
factors to explain the discrepancies encountered. 


The sense of position 

The precision of the responses to the position and movement of the joint is 
very remarkable, and current concepts of the nature of joint-capsules may have 
to be modified. It is clear, however, that a system of sense-organs responding 
in the manner described would be capable of providing accurate information 
about the position and movement of the joint. The information from many 
sense-organs would have to be integrated in assessing the relative position of 
the bones forming a joint, but such a process of integration appears to be 
necessary also for other senses besides position-sense. 

It has sometimes been supposed that position-sense is derived from the 
receptors in muscles and tendons whose behaviour was described by Matthews 
(1933). If the position of the joint had to be deduced from information given 
by muscle-spindles and tendon-organs, the process of integration would be 
much more complicated than that required for the joint proprioceptors alone, 
as the lengths of all the muscles acting at the joint would be involved. Further, 
the length of a particular muscle at any moment cannot be deduced by any 
simple process from the frequencies of the discharges from its muscle-spindles 
and tendon-organs as these frequencies are affected by the tension in the muscle 
as well as by its length. Additional factors which might have to be taken into 
account include the motor discharge to the muscle, the positions of other 
joints, the position of the body relative to gravity, the places at which the 
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body is supported, and the magnitude and position of any externally applied 
load. 
The nature of the sense-organs: functional considerations 
If the behaviour of the sense-organs in the joint-capsule is compared with 
that of other sense-organs responding to deformation, certain general points 
of resemblance may be detected. Three features in particular are common to 


many slowly-adapting sense-organs: continued deformation leads to asustained © 


discharge; a change in deformation produces a change in impulse-frequency 
often greater than that needed to reach the steady discharge appropriate to 
the new conditions; where the impulse-frequency falls below about 10 impulses 
per sec there is a tendency for the discharge to stop altogether. These features 
are shown by muscle-spindles and tendon-organs (Matthews, 1933; Cooper, 
Daniel & Whitteridge, 1951), by endings in the cat’s toe (Adrian & Umrath, 
1929; Gray & Matthews, 1951), by neuromast organs in the labyrinth (Lowen- 
stein & Roberts, 1949), and by a number of other sense-organs. 

Comparison of the slowly-adapting sense-organs in the joint with the A,, A, 
and B organs of Matthews (1933) shows that in range of impulse-frequency the 
sense-organs in the joint most closely resemble the B organs, while in the 
degree of exaggeration shown by the response during movement they fall in 
an intermediate position between the B organs and the A organs. There is also 
a further similarity between the A, organs of low threshold and the sense- 


organs in the joint in that both usually show a complete stoppage of the 


discharge when the degree of stimulation is reduced, the discharge picking up 
slowly to the new appropriate steady frequency. The classification of stretch- 
receptors in muscle as A organs and B organs according to their behaviour 
during a muscle-twitch is, of course, only an indication of the different 
anatomical positions of the sense-organs in the muscle and no such classifica- 
tion is applicable to the endings in the joint. 


The C organs described by Matthews are similar to the rapidly-adapting 


endings in the knee-joint, both in the nature of their responses and in the 
comparatively small number of the occasions on which they are encountered. 
It is convenient here to draw attention also to the nature of the discharges 
observed by Adrian & Umrath (1929) in the nerve from the cat’s toe. These 
discharges showed slow adaptation, and were attributed to Pacinian corpuscles 
lying on either side of the toe beneath the tendons. The discharges were produced 
both by direct pressure over the groups of corpuscles and by bending the toe. 
Gray & Matthews (1951), in repeating these earlier experiments, observed two 
distinct types of discharge, a slowly-adapting one and a rapidly-adapting one 
consisting of impulses of larger size. They came to the conclusion that the 
Pacinian corpuscles were responsible for the rapidly-adapting discharges, and 
that the slowly-adapting discharges were derived from other, unidentified, 
endings. It seems probable that the slowly-adapting responses obtained by 
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both teams of workers may have come from sense-organs situated in the 
interphalangeal joints and similar in function to the sense-organs in the 
knee-joint described in this paper. In addition, the rapidly-adapting discharges 
from the knee-joint may turn out to be derived from organs similar to Pacinian 
corpuscles. The ratio of the two sizes of impulses observed by Gray & Matthews 
is the same as the ratio of the two sizes of impulses found in the articular nerve 
from the knee-joint, and this fact lends further support to the view that they 
were dealing with a preparation comparable to the one here described. 


The nature of the sense organs: histological considerations 
Gardner (1944) has shown histologically that there are ‘typical Ruffini 


endings’ present in the posterior part of the capsule of the knee-joint of the 
cat, and that these are innervated by a group of nerve-fibres of 7-10, 


diameter in the posterior articular nerve. In addition to this group of fibres 


_ the nerve was also found to contain a large number of non-myelinated fibres, 


a group of fibres of 2-5 » diameter, and a few fibres with diameters up to 16 p. 
It is suggested that the slowly-adapting discharges reported in this paper may 
have been in nerve-fibres of the group having diameters of 7-10, while the 
rapidly-adapting discharges occurred in the larger fibres. The ratios of the two 
sizes of impulses and of the frequencies of occurrence of the two types of 
response would then be accounted for. The distribution of the Ruffini endings 
in the capsule as reported by Gardner also agrees fairly well with the distribu- 
tion of slowly-adapting sense-organs illustrated in Text-fig. 11. An attempt is 
now being made to isolate for histological examination a small region of joint- 
capsule containing a sense-organ whose behaviour has been analysed. If this 
attempt is successful it should establish whether the slowly-adapting discharges 
are, in fact, derived from the Ruffini endings described by Gardner. Since the 
B organs of Matthews are also Ruffini endings and the A, organs (flower-spray 
endings) are not dissimilar, the differences in behaviour between these two and 
the endings in the joint might then be ascribed merely to anatomical differences 
in the auxiliary structures, i.e. muscle fibres, tendon fibres, and capsular tissue, 


respectively. 


The physiological role of the slowly-adapting sense-organs 

The nerves to the knee-joint of the frog are known to develop early in 
embryonic life, although in the adult animal they are very small (Taylor, 
1943), and there can be no doubt that the information provided by the sense- 
organs in the joints would be extremely useful in the control of posture and 
in the execution of fine movements. 

Gardner (1950) was unable to produce any specific reflex effects by direct 
stimulation of the articular nerves to the knee-joint. It is, however, clear 
that the influence of joint-position in the control of posture must depend on 
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the pattern of discharges ina great number of nerve-fibres so that no particular 
joint-position would be simulated by mass stimulation of a whole nerve-trunk. 
This may account for Gardner’s failure to produce clear-cut reflex effects from 
such stimulation. 

Kelton & Wright (1949), in a study of the ‘easy standing’ position in man, 
in which the hip- and knee-joints are locked against ligaments and the body is 
supported with a minimum of muscular activity, found that action-potentials 
occurred in the soleus and tibialis anticus muscles only at the limits of small 
swaying movements. They calculated the degree of angular displacement at the 
ankle-joint which just produced muscular activity during these swaying 
movements and found it to be very much less than that necessary to give 
stretch-reflexes in the same muscles in other attitudes of the limb. They con- 
cluded that the initiation of the muscular activity which restores the balance 
during swaying cannot be a simple stretch-reflex. They do not discuss the 
possibility that the effect may arise in the joints. 

Small angular movements of the knee-joint of the cat have been shown to 
produce quite marked changes in impulse-frequency (Text-fig. 8). Although 
no measurements have been made which could be compared with the threshold 
displacement of the human ankle-joint (reported by Kelton & Wright as 
0° 24’) it is not unreasonable to suppose that sense-organs in the ankle-joint 
may play some part in the maintenance of the easy standing position. The 
conclusion that a simple reflex cannot explain the facts is, however, equally 
applicable to reflexes arising from the joints, since the angular displacement 
just necessary to produce muscular activity has been found by Kelton & 
Wright to be dependent on the position of the limb. Some other explanation 
must therefore be sought for this phenomenon. 

From the finding by McCouch, Deering & Ling (1951) that the site of origin 
of the postural neck-reflexes is restricted to the intervertebral joints, it may 
reasonably be presumed that these joints contain sense-organs similar to 
those described in the knee-joint and that it is the response of these sense- 
organs which initiates the neck-reflexes. 

The cutaneous nerves to the fingers give branches to the interphalangeal 
joints and Stopford (1921) found, during the study of lesions due to injury, 
that if these nerves to the joints are destroyed, the patient can appreciate 
passive movement of the joints but loses the power of accurate subjective 
localization of the fingers. It is known that the human knee-joint has many 
histological resemblances to the knee-joint of the cat (Gardner, 19484; Samuel, 
1948). It may well be, then, that there are, in the human knee-joint and in 
other human oint-capsules, sense-organs similar in behaviour to the slowly- 
adapting sense-organs described in this paper. If this is so, the precision of the 
responses to position shown by these sense-organs would be admirably suited 
to the finely controlled movements on which so much human skill depends. 
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SUMMARY 


1. Afferent discharges have been recorded from the posterior articular 
nerve to the knee-joint of the decerebrate cat in different positions of the joint 
and during various movements. 

2. The responses are of two types: rapidly-adapting and slowly-adapting. 

3. The rapidly-adapting discharges were found on only a few occasions and 
are similar to those from the C organs of Matthews (1933) and also to those 
attributed by Gray & Matthews (1951) to Pacinian corpuscles. 

4. The slowly-adapting discharges were more frequently encountered. They 
show characteristic frequencies for particular positions of the joint, with 
‘exaggerated’ changes in frequency during movements. The degree of 
exaggeration depends on the rate of movement, and the exaggerated response 
is followed by adaptation to the appropriate new steady impulse-frequency. 

5. The sense-organs giving the slowly-adapting discharges appear to be 
stretch-receptors. They are located in the posterior part of the joint-capsule 
and have a similar distribution to the ‘typical Ruffini endings’ described by 
Gardner (1944). 

6. The slowly-adapting sense-organs in the joint-capsule are capable of 
providing accurate information about the relative position of the bones forming 
the joint. 

7. It is concluded that there are proprioceptive sense-organs in the knee- 
joint which may play an important part in the control of fine movements. 
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EXPLANATION OF PLATE 


Oscillograph records of discharges in the posterior articular nerve to the knee-joint of the cat. 
The thinner line is used to signal the movement (Figs. 1-11) and to carry time-markings. An 
interval of 0-5 sec is indicated below each record. 

Fig. 1. The discharge recorded from the whole articular nerve during a movement of the knee- 
joint. (Prep. 58.) 

Fig. 2. A rapidly-adapting response in which impulses occur only during movement. (Prep. 25.) 

Fig. 3. Aslowly-adapting response, the discharge being maintained in the new position. (Prep. 57.) 

In Figs. 1-3 an upward movement of the signal-line indicates a medial movement of the tibia 
(see text). 

Fig. 4. The responses of two units in the same nerve-twig. The larger spikes show rapid adapta- 
tion; the smaller spikes continue until the beginning of the return movement. Note the 
relative sizes of the two types of impulse. Signal-lineup: extension of the knee-joint. (Prep. 55.) 

Fig. 5. The response of a slowly-adapting sense-organ to direct pressure on the joint-capsule with 
a probe. Application of the probe with one hand is roughly indicated by a downward 
displacement of the signal-line, produced by pressing a switch with the other hand. (Prep. 59.) 

Fig. 6. The response of a slowly-adapting sense-organ to outward twisting of the tibia through 
21° at a rate of 30°/sec. The discharge is maintained in the new position. (Prep. 60.) 

Fig. 7. The response of a slowly-adapting sense-organ to outward twisting of the tibia through 
25° at 8°/sec. The first impulse appeared 2 sec after the beginning of the movement (not 
10 impulses per sec. 

Fig. 8. The response of a slowly-adapting sense-organ to outward twisting of the tibia through 
21° at 30°/sec, starting from a position in which there was already a steady discharge. 
(Prep. 60; same unit as Fig. 6.) 

Fig. 9. The responses of two units in the same nerve-twig during flexion of the knee-joint through 
36° at 30°/sec. The spikes from the two units are recorded, by chance, with nice polarity. 
Both sense-organs are ‘slowly-adapting’,and during the movement one unit shows an increase 
while the other shows a decrease, in impulse-frequency. (Prep. 52: see also Text-fig. 3.) 

Fig. 10. The response during extension of the knee-joint through 4° at 16°/sec obtained from 

beginning of the movement, then the discharge picks up to a new 

. ll. As Fig. 10, but with extension through 2° only. The i 

movement are the same as for Fig. 10. eer 

Fig. 12. Discharge from a slowly-adapting sense-organ. A single impulse appears at each pulse- 
aM unit responded with an increased discharge on flexion of the 
knee-joint. impulse-frequency decreased during adaptation the impulses 
with the pulse-beat. (Prep. 45.) 

Fig. 13. The discharge from a slowly-adapting sense-organ while the knee- sligh 
flexed, with the foot turned outwards. The impulse-frequency 
pulse-beat. Signal-line: e.c.g. (Prep. 61.) . 
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ACTIVITY OF HUMAN SWEAT GLANDS DURING 
EXPOSURE TO COLD 


By E, M. GLASER anp T. 8. LEE 
From the Department of Physiology, University of Malaya, Singapore 
(Received 9 February 1953) 


During a class experiment conducted by one of the authors in England in 1949 
it was necessary to make a human subject shiver in a cold room at 0° C. In 
order to achieve quick cooling the subject stripped to the waist, and when he 
began to shiver, sweat was seen to trickle from his axillae. The literature 
contains no record of such a phenomenon (although List & Peet, 1938, have 
mentioned that nervous persons may have moist hands and feet in winter), 
and the students were encouraged to follow up this discovery. They confirmed 
that sweating could take place during exposure to cold, but a systematic study 
of the problem was impossible at that time. An investigation has now been 
carried out: (1) to show whether sweating in a cold environment was a repro- 
ducible response or a freak observation, (2) to establish what regions were 
affected by such sweating, (3) to study the nervous mechanisms involved. 


METHODS 

Subjects and procedure. Twenty separate experiments were performed on fourteen healthy men 
aged 19-39 years, none of whom was apprehensive about the experiments. With the exception of 
one test, the subjects did not know the purpose of this investigation, and no comments were made 
in their presence. The subjects’ axillae had been previously shaved and their arms were supported 
so that the hands and axillae were exposed. 

In sixteen experiments the initial measurements and such procedures as iontophoresis were 
carried out in a laboratory, and the subjects then moved into a constant temperature room which 
was either 3 or 8 yards away. In four experiments the subjects remained in a constant environ- 
ment all the time: in three of these the subjects’ lower limbs were immersed in water at 9-5-13° C 
and slowly exercised, which causes a high venous return of cooled blood but little cooling of the 
body (Glaser & Jones, 1951), and in one experiment intravenous saline and adrenaline infusions 
were given to a recumbent subject. In order to accustom the subjects to the initial environment 
and posture ] hr was always allowed to elapse before any procedures were begun. At the end of 
this period a check was made with starch and iodine (see below) to show whether there was any 
thermal or ‘emotional’ sweating. If such sweating was present, the preliminary period was 
extended. 

Techniques. The presence of sweat was demonstrated by Minor’s method in which the skin is 
painted with a solution of 2% iodine and dusted with dry starch (Kuno, 1934, p. 30; List & Peet, 


a 


60 E. M. GLASER AND T. 8S. LEE 


1938). This method is very sensitive, but in some experiments an iodine and starch-paper method 
was used (Randall, 1946) which allowed counting of active sweat glands. In a few experiments the 
presence of sweat was also demonstrated by direct measurement of the skin resistance, using ball- 
point electrodes 1 cm apart. This method was comparatively insensitive (see below), but it was 
a useful check on the other methods. The skin temperature was measured with bare thermocouple 
wires closely adhering to the skin (Glaser, 1949) and the rectal temperature with a thermocouple 
mounted in a glass and rubber tube inserted to 10 cm from the sphincter (Glaser & Jones, 1951). 
lontophoresis was carried out with a d.c. current of 3 mA and an anode area of 3 em*. The cathode 
was moistened with physiological saline and had an area of about 100 cm’. 

Environmental conditions. The laboratory temperature varied from 27 to 30°C with an air 
humidity of 65-90%, but variations during any one test were insignificant. The air movement was 
40 m/min, but in a few instances, when sweat was present after the preliminary period of 1 hr, the 
air movement was raised to 200 m/min until sweating disappeared. The constant temperature 
room was well insulated and thermostatically controlled at levels ranging from 15 to 23° C, with 
an air humidity of 60% and an air movement of about 10 m/min. In two experiments, however, 
when the effects of cool air blasts were studied, the air movement was raised to 200 m/min. 


RESULTS 
Characteristics of sweating in a cold environment 

In eight experiments the subjects were in a cool environment for periods of 
20 min to 14 hr at varying temperatures, preceded by an initial period at 
laboratory temperature, as described above. In one experiment the constant 
temperature room was at 22-5° C and neither shivering nor sweating was seen, 
although there was a slight fall of the rectal and skin temperature. In 
another the constant temperature room was at 18-5° C and there was slight 
shivering but no sweating. In the remaining six experiments the temperatures 
were between 15 and 18° C, and both shivering and sweating were invariably 
seen. The presence of sweating could be demonstrated both with starch and 
iodine and by a decrease of the skin resistance, but starch and iodine showed up 
a few active glands as soon as sweating began, while changes of the skin resis- 
tance were not evident in corresponding points on the other side of the body 
until sweating was more diffuse. 

At temperatures of 18°C or less there was no correlation between the 
environmental temperature and the time of onset or the intensity of sweating. 
It was impossible, also, to correlate the skin or rectal temperature with 
sweating, for the latter set in at rectal temperatures between 37 and 38-2° C, 
and sweating was observed in areas of skin which had been at temperatures 
between 20 and 34° C before sweating had begun and which remained at such 
temperatures while sweating was moderate. If the environmental temperature 
was 18°C or less, sweating invariably began within 5 min and frequently 
within 1 min of the onset of shivering, but there were two subjects in whom 
sweating also preceded visible shivering by 20 min. In both these, a single small 
outburst of sweating was noted during the initial steep fall of the skin tempera- 
ture immediately after entering the constant temperature room, and in both 
experiments shivering was later accompanied by renewed sweating. The 
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impression was gained that sweating was generally more marked when shivering 
was intense, but there were considerable individual variations in the intensity 
of both shivering and sweating. 

Regions affected. Although every region of the body surface was tested with 
starch and iodine and by measurements of the skin resistance (with the only 
exception of the immediate vicinity of the genitals and anus), sweating was 
always confined to the axillae, the hands and the feet (Figs. 1-3). There was 
invariably more sweat on the palms and soles than on the backs of the hands 
and feet, but some subjects sweated more in the axillae, others sweated more 
in the extremities. 


The control of sweating in a cold environment 

The nature of the secretory fibres. In six further experiments the constant 
temperature room was always at 15°C and, in addition to the previous 
procedure, substances were introduced into small skin areas of the hands and 
_ axillae. Pl. 1 shows the axilla of one subject. Dihydroergotamine 1 : 1000 had 
been introduced into the upper half of the axilla by iontophoresis, and atropine 
sulphate 1 : 1000 had been similarly introduced into the lower half; the colour 
reaction between starch and iodine shows the presence of sweating in the upper 
area but not in the lower circular atropinized region of the axilla. The presence 
of ‘gooseflesh’ can also be noted on the skin. The inhibition of sweating by 
atropine but not by dihydroergotamine was similarly demonstrated both in 
the palm and the axilla in five other experiments. In three of these isotonic 
saline or water was introduced by iontophoresis as an additional control 
measure and this had no effects, but the introduction-of atropine with a very 
fine needle into the skin of the palm and axilla was followed by an inhibition 
of sweating in a small area around the needle prick, while a similar injection of 
dihydroergotamine had no effect. 

Central nervous mechanisms. Two subjects were made to shiver (after the 
usual preliminary period at room temperature), in a sudden blast of cold air 
at 15° C, and one sweated within 30 sec while the other sweated within 3 min 
of the onset of shivering. Sweating was again confined to the axillae, feet and 
hands. In two other experiments shivering was produced at 23° C by increasing 
the venous return from cooled lower limbs without cooling the whole body (see 
above), and in both these sweating of the palms and axillae was noted within 
1 min of the onset of shivering. A further subject was similarly tested, but he 
neither shivered nor sweated. 

The action of adrenaline. In one experiment a subject weighing 61 kg lay on 
a couch at 23°C, After an initial period of 1 hr he was given an intravenous 
saline infusion at a rate of 40 drops/min. After another 15 min the infusion was 
transferred without the subject’s knowledge (though not without his previous 
consent), to a constant delivery apparatus, and noradrenaline-free adrenaline 
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Fig. 1. Fig. 2. 


Fig. 1. Sweating of the palm of the hand in a shivering person. (Dark spots indicate 
the colour reaction between starch and iodine.) 


Fig. 2. Sweating of the sole of the foot in a shivering person. 


Fig. 3. Sweating of the axilla in a shivering person. 


> 
« 
> 
. 
> 
aig 
— 
+ 
7 
| 
4 
4 
| 
‘ 
p 


THE JOURNAL OF PHYSIOLOGY, Vox. 122, No. 1 


Inhibition of sweating in a shivering person by introduction of atropine into the skin. Dihydro- 
ergotamine was introduced by iontophoresis into the upper portion of the axilla and atropine 
into the lower portion. Note complete absence of sweating in lower portion of axilla. 
“Gooseflesh’ can also be seen on the skin. 
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was injected for 3 min at a rate of 25 ug/min. This was accompanied by an 
increase of the pulse rate but no sweating. After an interval, during which the 
saline infusion was continued and during which the subject’s pulse rate 
returned to its initial level, the infusion was again transferred to the constant 
delivery apparatus and adrenaline was injected for 5 min at a rate of 50 ug/min. 
This was immediately followed by sweating in the hands, feet and axillae (but 
not in other parts of the body surface), and it was accompanied by nausea, 
vomiting and headache. Owing to the need to give large doses of adrenaline 
this experiment was not repeated. 


Responses at the end of cooling 

In all tests in which the subjects had been sweating in the course of cooling 
there was a renewed outburst of sweating within 5 min of the end of cooling. 
The distribution of this sweating was the same as that observed in the cold 
room, but the forehead was sometimes involved. In these experiments 
sweating was absent in most of the body, and it is unlikely that its presence in 
some places should have been a result of condensation of moisture from warm 
room air on cool surfaces of the body. 


DISCUSSION 


It may be concluded that sweating of the hands, feet and axillae takes place 
in the course of cooling, at any rate in young men, and there is no reason to 
believe that such a phenomenon is confined to the Tropics, since the original 
observations were made in England. The present findings, however, justify no 
quantitative correlations, and the fact that all subjects shivered visibly at 
room temperatures below 18-5° C does not imply that 18-5° C is always a critical 
level. 

Sweat glands are known to be supplied by cholinergic fibres from the 
sympathetic nervous system (Dale & Feldberg, 1934; Chalmers & Keele, 1951), 
and it may be concluded that the sweat glands responsible for the above 
observations had a cholinergic innervation, since atropine always inhibited 
sweating in the cold while dihydroergotamine did not. Peculiarities of the 
local nerve supply, therefore, are not a likely cause of the phenomena observed. 
It seems improbable also that there should be a specific reflex mechanism for 
sweating in the cold, because sweating was present when shivering was 
elicited: (1) by cooling of the whole body; (2) by a nervous reflex from the 
skin (Jung, Doupe & Carmichael, 1937); (3) by an increased venous return of 
cooled blood from the lower limbs (Glaser & Jones, 1951); and also when there 
was no shivering at all. ; 

The present findings were not due to emotion, because some of the subjects 
were familiar with the procedures and environment and none showed signs of__ 
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emotion, but sweating of the hands, feet and axillae invariably coincided with 
considerable central nervous activity, especially of the sympathetic centres. 
Thus, apart from the fact that sweating was always present when shivering was 
marked, it was also invariably present during the considerable vasomotor 
activity which took place when cooling ceased. Moreover, in two subjects 
there was some sweating when cooling began, and one subject sweated after - 
a large dose of adrenaline. All these findings suggest that the neurones 
controlling the sweat glands of the hands, feet and axillae respond easily to 
various kinds of central nervous stimuli, and this is further borne out by the 
fact that mental effort (Kuno, 1934, pp. 129-59; Darrow, 1937) and emotion 
(List & Peet, 1938) also cause sweating in those parts. Sweating in the cold 
thus does not appear to be a freak effect but one of several types of sweating 
resulting from central nervous excitation, and it seems possible to conclude 
that the regions concerned with grasping of objects or with the production of 
body scent can sweat in response to almost any extensive central nervous 
activity. Such sweating is distinct from thermal sweating over the rest of the 
body (Kuno, 1934, pp. 129-59; List & Peet, 1938), but the difference may be 
mainly one of excitatory thresholds. Since areas concerned with ‘emotional’ 
sweating also sweat slightly during extreme heating (Kuno, 1934, pp. 129-59), 
while regions normally concerned with thermal sweating respond to strong 
emotional stimuli (McGregor, 1952), it seems probable that all parts of the body 
surface can sweat both in response to heating and to non-specific central 
nervous excitation, but that the pathways to the hands, feet and axillae have 
a low threshold for stimuli of non-specific origin. 


SUMMARY 


1. Sweating of the hands, feet (especially of the palms and soles), and of the 
axillae usually takes place when people are shivering. It sometimes also takes 
place in a cool environment before shivering has begun. 

2. There is no correlation between the degree of cooling and the onset of 
sweating. 

3. The secretory nerve fibres involved are cholinergic. There is no evidence 
of any specific reflex mechanism responsible for sweating in a cold environment. 

4. It is suggested that sweating in a cold environment and sweating from 
‘emotional ’ or ‘mental’ causes are all a result of non-specific central nervous 
excitation. 

The experiments mentioned in the i i . 
mental Medicine, Cambridge, in 1940-80 by Mr Trevor Shaw tad others 
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CHANGES IN ALVEOLAR CARBON DIOXIDE TENSION 
BY NIGHT AND DURING SLEEP 


By J. N. MILLS 
From the Department of Physiology, University of Manchester 
(Received 16 February 1953) 


Stanbury & Thomson (1951) tentatively suggested that the diurnal variations 
in renal excretion of acid and salt might:be due to changes in ventilation and 
consequent change of carbon dioxide content of alveolar air and blood. 
Criticizing this suggestion, Longson & Mills (1952, 1953) showed that exposure 
to CO, often failed to increase the renal acid output and never decreased the 
salt excretion. It was, however, uncertain how large a fluctuation of alveolar 
CO, tension might be expected during sleep; and since the renal rhythm 
persists during 24 hr without sleep (Longson, Mills & Stanbury unpublished), 
we wished to know whether alveolar CO, tension showed a similar habitual 
rhythm. 

Mo claims for a spontaneous. rhythm in alveolar CO, tension have been 
found in the literature, and the existence of such is specifically denied by 
Haldane & Fitzgerald (1905). The tensions plotted by Cohen & Dodds (1924). 
upon two fasting subjects awake for 24 hr do, however, show a regular varia- 
tion, although this is not commented upon by the authors. Such a spontaneous. 
rhythm might be responsible for some of the changes ascribed to sleep. Others 
may be ascribable to posture, since recumbency (Mackay, 1943) leads to a rise 
in alveolar CO, tension. 

In the course of other work (Longson, Mills & Stanbury, unpublished) many 
series of alveolar CO, determinations were made upon subjects either fasting 
or with minimal hourly food intake, sometimes for 24 hr or more, and these 
provide data for consideration of diurnal rhythms. These were supplemented 
with other determinations during sleep, either throughout the night or during 
short afternoon naps. To facilitate afternoon sleep, hexobarbitone gr. 4 orally 
was usually taken. A further interest in the tensions reached during nocturnal 
sleep comes from the claim of Doust & Schneider (1952) that arterial oxygen 
saturation may fall during sleep as low as 86%, which suggests a much more 
profound respiratory depression than any previously claimed. 
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Alveolar sampling during sleep presents obvious difficulties, and in previous 
work @ variety of techniques have been employed. Since none is quite 
unobjectionable, several methods have here been used. 


METHODS AND MATERIAL 


All determinations during sleep have been performed upon the author, aged 38. For study 
of the diurnal rhythm in subjects awake, six other healthy males, aged 17-34, have also 
been used. 
Except for a few early experiments with the Haldane apparatus, gas analysis has been carried 
out with the commercial infra-red analyser made by the Infra-Red Development Co. Ltd. This 
was frequently calibrated against a CO, mixture taken from a cylinder, and analysed with the 
Haldane apparatus. The analyser gives a dial reading of CO,% on a nearly linear scale whose 
smallest calibration marks represent 0-1 %. If the pointer were perfectly steady, the same accuracy 
could be obtained as with the Haldane apparatus. This was sometimes so. Sometimes, however, 
small fluctuations of the pointer, even when a slow stream of gas of constant composition was 
passing through from a cylinder, made it impossible to read with a greater accuracy than 0-05 %, 
or half a scale division. | 
Alveolar samples were mostly collected by the method of Henderson & Haggard (1925), whereby 
during each inspiration 1-3 ml. of air from the end of the previous expiration is automatically 
sucked from just beyond the expiratory valve. These are referred to as ‘end-tidal’ samples. By 
insertion of the analysis chamber of the infra-red machine in place of the sampling tube, alveolar 
air was sucked continuously through the analysis chamber, with a slight delay since the capacity 
of the chamber is 5 ml., and only 1-3 ml. entered at each breath. With a steady barometer, 
conversion of alveolar CO, percentage to tension merely involves multiplication by a constant 
factor. The sensitivity of the apparatus was therefore so adjusted that the scale reading of 4% 
corresponded to 40 mm Hg, and the alveolar CO, tensions were read directly from the scale to, at 
best, 0-1 mm Hg. 
A few early determinations were of end-inspiratory Haldane-Priestley samples collected in 
evacuated tubes; when these were collected in the laboratory three or four samples were collected 
in the same tube by successive partial evacuation; at home, only single samples were collected. 
For estimation of the alveolar tension during sleep, three methods have been used: Haldane- 
Priestley samples on being awakened by an alarm clock, or occasionally on spontaneous waking; 
end-tidal sampling; and the application of suction. 
In the suction method the alveolar samples were collected exactly as in the Haldane-Priestley 
method but without the co-operation of the subject, as with the apparatus described by Lambie & 
Morrissey (1948). Forced expiration was achieved by connecting the subject abruptly to a 201. 
flask of air at a suitable negative pressure by means of a slide tap. This tap could be operated very 
rapidly, had no dead space, and did not—as do standard respiratory three-way taps—connect all 
three channels at some moment of its excursion. Just beyond the tap from the subject were two 
apertures to which evacuated tubes were connected for sampling. 
If the subject is breathing from a closed-circuit spirometric system before the collection, and is 
re-connected to it afterwards for a sufficient time for his respiration again to become steady, it is 
possible to estimate from the change in volume recorded on the spirometer how much air has been 
sucked out of the lungs by this device. When an initial negative pressure of around 100 mm Hg 
was used in eighteen collections, a mean volume of 1047 ml. was sucked out with a standard 
deviation of 93 ml., at ambient temperature and pressure, a volume surprisingly constant and 
sufficient to satisfy the strict Haldane & Priestley (1905) requirements for alveolar air. With 
smaller or larger suction pressures, a smaller volume was collected ; the higher pressures appeared 
to cause spasm of the glottis. Initial suction pressures of around 100 mm Hg below atmospheric 
were therefore always used. 
5-2 
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‘RESULTS 

Diurnal fluctuations 

Upon four subjects, alveolar air was collected and analysed hourly during 
24 hr without sleep, occupied by sedentary work, and with the subjects either 
fasting or taking 10 g glucose hourly. The samples from M and S were three 
pooled Haldane-Priestley samples, analysed with the Haldane apparatus; 
those from B and J were end-tidal samples, passed through the infra-red 
analyser; neither of these last two subjects had extensive experience of giving 
alveolar samples; but the end-tidal sampling needed no co-operation from the 
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Fig. 1. Alveolar CO, tensions during 24 hr without sleep or solid food; subjects engaged in light 
laboratory work. ©, M, O, 8, Haldane-Priestley samples analysed with Haldane apparatus. 
©, J, @, B, end-tidal samples passed continuously through infra-red analyser. 

subject, and was continued for about 5 min to make certain that respiration 

was steady and that the tension recorded remained fairly constant ; occasionally 

the subject gave a Haldane-Priestley sample at the end, to make sure that the 
dead space was being adequately washed out by the tidal air; this procedure | 
never gave values for the CO, tension above the end-tidal value. 

The results are seen in Fig. 1. Some show a considerable random scatter, 
probably due in part to faulty sampling technique, but in part to physiological 
variation ; slow fluctuations over a range of 1-2 mm have often been observed 
when end-tidal samples were drawn continuously through the infra-red 
analyser for 10 min or more. Superimposed upon these random variations from 
sample to sample are obvious fluctuations over the 24 hr in all subjects except 
S, in whom if they exist they are obscured by random error. The time of 
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maximum tension differed widely, however, being about 01.00-02.00 hr in 
M, 05.30 hr in B, and 05.30-08.30 hr in J. Since the random scatter among 
these determinations was considerable the mean square successive difference 
ratio test (Hart, 1942) was applied to the data. This test measures whether each 


_ value is more closely related to the previous value than to the mean, that is, 


whether there is any trend or fluctuation over periods longer than the interval 
between determinations. For subject S, = 2-35, P>0-05, indicating that 
in this subject any fluctuation is obscured by random error; for subjects B, J 
and M this ratio is 0-70, 0-80 and 0-89, values which differ significantly from 
the expected value of 2 for a random series (P <0-01). There was thus in all 


© Awake © Asleep 


Alveolar CO, (mm Hg) 


Time (hr) 

Fig. 2. Alveolar CO, tensions during 24 hr complete bed rest. A: subject 7', sleeping between 
samples during the night; B: subject M, awake; C: subject M, following immediately upon B, 
sleeping during night. All analyses by passing end-tidal samples continuously through infra- 
red analyser. 


these three subjects a real fluctuation, giving maximal values of alveolar CO, 
tension in the night or early morning. More recently, a similar experiment on 
M has.shown no rhythm, hourly determinations giving values between 42-8 
and 44-2 mm Hg throughout 24 hr. 

Two similar series, shown in Fig. 2, curves A and B, were obtained from 
subjects at rest and semi-recumbent for 24 hr, with similar regular hourly 
alimentation, and collection of alveolar samples hourly or half-hourly by the 
end-tidal sampler. The existence of a diurnal rhythm, independent of sleep, 
was again obvious, and again the maximal tensions were reached at different 
times by the two subjects, about midnight by M and between 04.00 and 
05.00 hr by T. 

Many series of end-tidal samples were obtained from M, and a few from 
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other subjects, in the course of other experiments when the subject 
paseo at pease rest in an easy chair from about 06.00 or 09.00 hr for 
the greater part of the day; in some of these no food was taken, and in others 
light sandwich meals. Four such series on M fasting are shown in Fig. 3. 
From 09.00 hr onwards there was no trend upwards or downwards, in any 
single experiment or in the pooled results, as measured by absence of a signifi- 
cant linear regression on time. Results were similar but more irregular in the 
non-fasting experiments. In one experiment on subject T there was however 
a significant fall, calculated from linear regression on time as equal to 0-3 mm/hr 
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Fig. 3. Alveolar CO, tensions during days spent fasting at complete rest. Subject M. All analyses 
by passing end-tidal samples continuously through infra-red analyser. For clarity, the top 
and bottom curves have been respectively raised and lowered 2 mm Hg, as indicated in 
scales on right. 


from 09.00 to 17.00 hr. The usual absence of any steady trend over a period 
when the renal excretion of most electrolytes is steadily falling strengthens the 
argument of Longson & Mills (1953) that these spontaneous variations in renal 
behaviour cannot be ascribed to changes in blood CO, tension. 

In three experiments starting early in the morning, eight alveolar air 
analyses were performed between 06.45 and 09.00 hr, and the mean tension 
found, 44-7 mm, exceeded the mean of twenty-seven samples collected on the 
same days between 09.00 and 17.00 hr, 42‘9 mm. The difference was, however, 
only just significant, 0-05 > P > 0-02. 

It would appear that when sleep, activity and meals do not interfere, the 
alveolar CO, tension often rises spontaneously by a few mm Hg at some period 


of the late evening, night or early morning, but that throughout the day it 
maintains a steady level. 
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| Changes during sleep 

Observations during sleep were confined to subject M, who with the longest 
experience of respiratory experimentation was least likely to have his sleep 
disturbed by the procedures or their anticipation, and most likely to respond 
correctly immediately on waking, when that was required. 

Upon seven nights he slept at home with the mouth-piece of a Haldane- 
Priestley tube close to his mouth and an alarm clock wound so that it would 
only ring for 15 sec. Immediately on being awakened he delivered a Haldane- 
Priestley sample; this had always been collected in the gas sampling tube 


Tasts 1, Alveolar CO, tensions, mm Hg, in Haldane-Priestley samples collected either 
immediately on being awakened (‘asleep’) or after subject had lain awake at least 20 min 


Night yy Awake or asleep CO, tension 

1 ao Awake 48-9 
Asleep 53-9 
03.08 Asleep 46-5 
07.41 Asleep* 49-5 
2 ao Awake 48-9 
Asleep 47-8 
03.35 Asleep 53-7 
05.28 Asleep 44-5 
07.25 Awake 37-9 
3 03.00 Asleep 53-2 
03.20 Awake 44-7 
4 02.05 Asleep 48-3 
02.25 Awake 47-9 
5 04.05 Asleep 45-0 
04.25 Awake 48-4 
6 21.50 Asleep 49-6 
22.10 Awake “ 

06.15 Asleep 
06.35 Awake 45-2 
7 02.05 Asleep 47-5 
02.25 Awake 47-6 


* On waking spontaneously. 


before the alarm stopped ringing. Twelve such samples were collected, including 
one on spontaneous waking; for comparison he delivered nine waking samples, 
usually by remaining awake for 20 min after giving a ‘sleeping’ sample. The 
results are shown in Table 1. It will be seen that three of the sleeping samples 
had very high tensions, 53-54 mm Hg, but that out of eleven samples with 
tensions between 47} and 50 mm six were waking and only five sleeping. There 
is some evidence here that the tension rises during the night, whether the 
subject is awake or asleep, and that the tension is still higher in the sleeping 
subject, 

In an endeavour to obtain more information about the nocturnal course of 
the alveolar CO, tension, two nights were spent sleeping in the laboratory with 
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the subject connected to the mouth-piece of the end-tidal sampler. Contrary 
to Magnussen’s (1944) experience, it was found that a carefully adjusted nose- 
clip did not impede sleep, and that the mouth-piece was often well retained 
during deep sleep; but it was never retained indefinitely, and the subject 
never slept continuously for much beyond 1 hr. The mouth-piece was some- 
times strapped on, but this added to the difficulties of sleep. 

One of these nights, represented in Fig. 2, curve C, formed the second 24 hr 
of a continuous 48 hr period of recumbency with minimal alimentation ; during 
the first night (Fig. 2, curve B) the subject remained awake, so during the 
second night sleep was very sound. Comparison of the two 24 hr periods 
shows, however, a very similar range of variation of alveolar CQ, tensions in 
both, though in the first the high values were found between 18.00 and 02.00 hr, 
when the subject had the greatest difficulty in keeping awake, and in the 
second they occurred during the actual period of sleep, between midnight and 
09.00 hr. It will also be seen that the first waking sample had as high a tension 
as most of the sleeping ones. 

In the other experiment, the top curve of Fig. 4, alveolar air was sampled 
during wakeful intervals as well as during sleep, and it will be seen that 
although the CO, tension was high between 02.00 and 04.00 hr this rise bore 
no relation to sleep; samples collected when the subject was awake had ten- 
sions as high as had sleep samples at the same time of night. 

The end-tidal technique would be invalid if the tidal volume diminished too 
much during sleep; this was measured and was actually slightly higher during 
than just before sleep. 

It was owing to uncertainty over the validity of end-tidal sampling at low 
tidal volume that the suction sampler was devised. This had the disadvantage 
that it almost always woke the subject, so that frequent sampling was imprac- 
ticable. Tensions obtained on two nights are shown in the middle and bottom 
curves of Fig. 4. To ensure sound sleep on the second of these (bottom curve), 
the subject slept for only 1} hr on the previous night, and spent the previous 
day in fairly continuous open-air exercise. This had the desired effect: he some- 
times even slept through the operation of the sampler, was described by the 
observer as being more nearly comatose than sleeping and was completely 
disorientated upon being awakened ; next morning he had very little memory 
for the events of the night. 

During neither of these nights was there much indication of a high CO, 
tension due to sleep. On the first night the highest value was ‘reached 
immediately before sleep and on the second night the variations were similar 
to those observed on sleepless nights. 

To determine further whether sleep per se was accompanied by any change 
in CQ, tension, observations were made during a series of short naps during 
the day. Three such are shown in Fig. 5, all with the end-tidal sampler. The 
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subject lay down 45 min before the readings started to allow for the initial 
postural changes. Periods of sleep were associated with no change in alveolar 
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Fig. 4. Alveolar CO, tensions of subject M during three nights. The periods of sleep are indicated 
for the top and middle curves by the discontinuous lines; in the bottom curve sleep was almost 
continuous, Top curve, end-tidal sampler; figures beside this curve are tidal vol. at 37° C 
saturated. Middle and bottom curves, suction sampler. All analyses by infra-red analyser. 
For clarity, the top and bottom curves have been raised and lowered, as indicated by the 
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Fig. 5. Alveolar CO, tensions of subject M during three afternoon naps, aided by hexobarbitone. 
All analyses by passing end-tidal samples continuously through infra-red analyser. 


CO, tension. Less complete data from seven other similar naps are in agree- 
| ment with this conclusion that sleep per se causes little if any change in tension. 
The data of one such are included in Table 4. 
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DISCUSSION 


The existence of a diurnal rhythm in alveolar CO, tension does not appear to 
have been explicitly reported before, despite its obvious presence in the curves 
of Cohen & Dodds (1924) and a brief mention of Straub (1915) that tension is 
often high about 21.00-22.00 hr. Its most likely cause is a respiratory depres- 
sion forming part of the habitual wakefulness and sleepiness rhythm (Kleitman, 
1939) of which the subject is so well aware in any experiments in which he is 
awake for 24 hr. It forms another piece in the somewhat perplexing jig-saw of 
human 24 hr rhythms, of which account must be taken when trying to explain 
other components. Since the variations of tension are not large, and may be ab- 
sent, the argument of Longson & Mills (1953) that the rhythm of urinary elec- 
trolyte excretion cannot be due to any such respiratory rhythm appears valid. 

It is also of importance in any study of the nature, or the physiological 
concomitants, of sleep. Most of the claims that alveolar CO, tension is high 
during sleep are based upon nocturnal sleep, and may in fact have been merely 
studies of the rhythm here reported. 

The validity of the different methods of alveolar sampling during sleep needs 
critical consideration. Rahn (1949) gives evidence that end-tidal sampling 
gives the closest approximation to ‘ideal’ alveolar air, with a R.Q. almost 
identical with that derived from whole expired air, whilst Haldane-Priestley 
samples give a low n.Q. and a CO, ion too high by about 2 mm Hg. 
Fowler (1949), continuously analysing single breaths with the nitrogen meter, 
found that a wash-out volume of 325 ml., s.p. 65 ml., was necessary before 
pure alveolar air was obtained; results as satisfactory as those of Rahn must 
presumably depend upon a sufficient tidal volume, and it is possible that 
during sleep this volume may become too small. 

Most of those workers who have used end-tidal sampling have found rather 
small rises of tension. Thus, Bass & Herr (1922), who appear to be the first to 
have used the method, found a rise of up to 2 mm Hg at the onset of sleep, and 
thereafter the tension followed a course that could be paralleled by sleepless 
nights. This method has the great advantage that numerous readings can be 
taken without waking the subject; but it is sometimes hard to secure an air- 
tight fit at mouth or nose with occlusion of the other passage; moreover the 
method may at any time be vitiated by a decrease in tidal air sufficient for the 
dead-space to be no longer washed out. Thus the finding by Rabinowitsch 
(1929) of tensions as low as 21-24 mm Hg in subjects in chloral hydrate 
narcosis was presumably due, as Magnussen (1944) suggests, either to shallow 
breathing or to leakage. These difficulties are largely obviated by Regels- 
berger’s (1934) technique of aspirating air from the pharynx through a nasal 
tube. Here the difficulty is to ensure that samples are aspirated only during 
the terminal part of each expiration. 
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Magnussen (1944) has published the largest series of results by the end-tidal 
method, and claims a mean increase of tension of a little over 2 mm Hg during 
sleep. Only one experiment is recorded fully, and for the others it is not even 
indicated whether sleep was continued throughout the night. However, every 
precaution appears to have been taken to secure an air-tight fit of the mouth- 
piece, and the tidal air was always at least 2} times the dead space. When the 
same technique was used in the present investigation there was no difference 
between sleeping and waking samples, either in afternoon (Fig. 5) or nocturnal 
sleep. The tidal air in the night experiment was somewhat greater when the 
subject was asleep than awake, so the failure to find any rise in alveolar CO, 
tension cannot be ascribed to imperfect washing out of the dead space. In the 
afternoon experiments the tidal air was not measured; but the tensions were 
so steady that it is hard to believe that an increase of CO, tension was exactly 
balanced by a diminished tidal air and consequent imperfect washing out of 
dead space. 

Of those who have used the Haldane-Priestley method on waking or being 
awakened, Douglas (1914, p. 356) found a tension raised by 2-24 mm Hg, but 
this was apparently on waking in the morning. Straub (1915) never found the 
tension higher than 43-4 mm Hg, but this was probably not during deep sleep. 
Leathes (1919) compared sleep values with ones with the subject awake and 
standing, so the differences he observed may merely have been due to posture. 
Endres (1922, 1923) found increases of as much as 10 mm Hg during sleep, 
which are as big as any reported. 

This technique of collection of Haldane-Priestley samples imthediately on 
waking seems to have fallen into disfavour, although it has the great advantage 
that sleep is quite unencumbered and so is much more likely to be natural and 
deep. Magnussen (1944), discussing the technique, wrote: ‘Awakening is 
presumably associated with a considerable output of carbon dioxide. This may 
reasonably be assumed to contribute considerably to the increased alveolar 
carbon dioxide tension “during sleep” in these experiments. So the “sleep” 
values recorded may safely be assumed to have been artificially increased.’ 
There appears here to be a confusion between high tissue production of CO, 
and a high rate of liberation of the gas in the lungs; the latter is probable, the 
former improbable and never demonstrated on waking. A high lung evolution 
of CO, would result from a low alveolar tension and not, as Magnussen 
apparently supposes, cause a high alveolar tension. 

There are many reasons why the ‘sleep’ samples, collected from a somewhat 
confused subject, may have been lowered artificially; but they could hardly 
have been artificially increased unless the subject held his breath. To discover 
an outside limit for any such spurious rise, subject M gave a series of Haldane- 
Priestley samples after breath-holding for 15 sec, preceded by a few minutes 
of continuous end-tidal analysis. The results, shown in Table 2, show that a rise 
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of about 4 mm Hg may thus be produced. This figure is somewhat lower than 
the increase pein! mm Hg found in 15 sec breath-holding by DuBois, 
Britt & Fenn (1952). There is, however, no reason to suppose that during the 
period of up to 15 sec between the start of the alarm and the completion of 
Haldane-Priestley sampling the subject did not breathe. Upon seven occasions 
stethograph tracings were obtained while the subject was awakened from 
barbiturate sleep by an alarm bell. His respiration maintained its previous 
rhythm until the large artifact occurred as he put his mouth to the sampling 


ere Tasix 2.’ Alveolar CO, tensions in mm Hg before and after breath-holding 


for 15 sec in the recumbent posture 
Before After 
45-1 49-4 
45-0 48-0 
44-3 48-4 
43-2 48-0 


It is unlikely, then, that the high tensions sometimes found in Haldane- 
Priestley samples by Endres and in the present paper were due to apnoea just 
before sampling; but the rather high tensions, of 47-50 mm Hg, sometimes 
found by night with the subject awake and even before sleep, suggest that the 
rise is partly due to a habitual rhythm. 

A disadvantage of the Haldane-Priestley technique is that the subject is 
thoroughly awakened, so that it is impossible to obtain information about 
a normal night’s sleep if more than one or two samples are collected. 

The suction sampler avoids the difficulties of both other methods in that no 
co-operation is needed from the subject, and a diminished tidal volume does 
not invalidate the results. It does, however, necessitate sleeping with a mouth- 
piece, and this was never achieved throughout the night. On the night when 
sleep was soundest, that represented in the bottom curve of Fig. 4, there were 
two periods of an hour each when no samples could be collected as the subject 
failed to retain the mouth-piece when asleep. There is no doubt that when the 
samples were collected he was very soundly asleep, especially as he was not 
always awakened by the procedure, and even so the highest tension was only 
some 2 mm above the waking value at 03.55 hr. Deep sleep can thus occur, in 
conformity with the findings of other workers with end-tidal sampling, with 
at most a very small elevation of alveolar CO, tension. 

Empirical validation of the techniques was attempted by performing all 
three in quick succession in a series of collections by day on the recumbent 
subject (Table 3), and during an afternoon and a night’s sleep (Table 4). The 
end-tidal samples gave the lowest tension in both, in agreement with Rahn 
(1949), but the mean differences from tensions found in suction samples were 
small, 0-7 and 1-7 mm Hg in the two series. There was no consistent difference 
between suction and Haldane-Priestley samples. 
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In a further series of fifteen paired comparisons between suction samples 
and Haldane-Priestley samples collected 1-2 min later, the Haldane-Priestley 
samples were lower by a mean value of 0-5 mm Hg. A very similar mean drop, 
0-8 mm Hg, was observed in six similar paired collections in which the suction 
TasLe 3. Consecutive series of alveolar CO, collections by end-tidal and suction samplers and 

Haldane-Priestley technique; all determinations by infra-red analyser. The first five deter- 


minations were over the space of | hr, the second five over another hour with an interval of 
2 hr. Subject awake 


End-tidal Suction Haldane- Priestley 
41-5-42-5 42-1 43-1 
41-5-42-5 43-0 44-1 
42-0-42-2 42-2 
41-0-41-5 41-4 39-5 
41-5-42-0 42-3 42-5 
44-1-43-8 44-1 44-9 

42-5 43-8 41-9 

42-6 44:3 44:8 

42-0 43-4 43-0 

42-6 43-5 42-7 

Mean 42-28 43-01 42-94 
The mean difference between suction and end-tidal samples, though small, is highly significant, 


P<0-01. 


Tasie 4. Alveolar CO, tensions during sleep, by end-tidal and suction sample and Haldane- 
Priestley technique; all determinations by infra-red analyser. Haldane-Priestley samples 
collected 1-2 min after suction samples, whose collection always woke the subject. One 
afternoon and one night sleep . 


Time Haldane- 

(hr) End-tidal Suction Priestley State 
17.05 43-7 47-2 47-0 Dozing 
17.20 43-7 44-8 46-9 Asleep 
17.35 44-0 44-4 — Asleep 

2a 23.50 43-1 44-1 44-9 Awake 
01.00 45-3 47-8 46-2 Awake 
02.45 45-2 470 — Asleep 
03.30 47-2 — 46-2 Asleep 
04.20 iin 44-1 44-9 Asleep 
04.30 — 42-8 43-8 Awake 
05.00 — 45-8 45-1 Asleep 
05.05 — 45-0 43-6 Awake 
05.45 43-5 42-5 Lightly asleep 
Mean difference, suction — end-tidal = 1-7 mm; 0-02 >P>0-01. 


sample was collected from the sleeping subject, who was awakened by the 
procedure, When a suction sampling from the sleeping subject was followed in 
1-2 min by another suction sampling, a drop in tension of 0-0-5 mm Hg was 
found in five experiments. When the subject was awakened by an alarm and 
gave a Haldane-Priestley sample, and 1-2 min later gave another, a non- 
significant mean fall of tension of 0-5 mm Hg was found in fourteen experi- 
ments. It thus appears not only that these two techniques give virtually 


Alveolar CO, tensions (mm Hg) | 
Alveolar CO, tension (mm Hg) 
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identical results, but also that the alveolar CO, tension does not change 
considerably within a minute or two of waking. . 

It is possible that there occur during the night periods of exceptionally deep 
sleep when the tension rises, in the subject here investigated, to around 
54mm Hg, but that sleep is then so deep that a mouth-piece cannot be 
retained. In this way can best be explained the very high tensions found 
somewhat erratically by the Haldane-Priestley technique by the present 
author, as well as by earlier workers such as Endres (1922, 1923). 

Since respiratory depression will both lower alveolar oxygen and elevate 
alveolar CO, tension, measured changes in either can give an approximate 
indication of changes in the other. Doust & Schneider (1952) report figures for 
arterial oxygen saturation during sleep which suggest a profound respiratory 
depression. For the precise calculation of alveolar CO, tension from their data 
it would be necessary to know the barometric pressure, respiratory quotient, 
and oxygen dissociation curves at a variety of CO, tensions of the individual 
subjects. An approximate calculation may be made, however, assuming baro- 
metric pressure = 760 mm Hg, using the dissociation curves for his own blood 
published by Barcroft (1914), and assuming a R.Q. of 0-7, since any higher 
quotient would give a higher value for alveolar CO, tension. Only a rough 
approximation is possible, since Barcroft published no O, dissociation curves 
between 40 and 90 mm CO, and none appears to have been published since; 
wide interpolation is therefore necessary. In order to attain the 86% 0, 
saturation recorded in deep sleep the alveolar CO, tension would have to be at 
least 60-70 mm Hg, and even to attain 90% saturation, the alveolar CO, 
tension would have to rise to 55 or 60 mm Hg. Since oxygen saturations of 
below 90% were claimed by these authors for considerable fractions of a night’s 
sleep, the validity of the oximetric determinations must be viewed with caution, 
particularly as the waking saturation of 96% is considerably below the figure 
of 98-99 % found by Drabkin & Schmidt (1945). The general pattern of change 
is, however, probably a qualitative representation of the extent of respiratory 
depression and hence the elevation of alveolar CO,, and to that extent supports 
the conclusion of the present paper, that periods of exceptionally deep sleep 
occur with respiratory depression greater than any found during the greater 
part of a night’s sleep. The considerable respiratory depression claimed by 
Doust & Schneider during even the lightest sleep—<‘ pre-sleep’ of these authors 
—is at variance with any results here recorded. 


SUMMARY 

1. Alveolar carbon dioxide tension sometimes shows a diurnal rhythm, with 
high values during the night even in subjects who remain awake fasting in 
constant conditions of rest or light activity. 
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2. Alveolar samples collected by suction or by an end-tidal sampler during 
nocturnal sleep show a rise of tension no greater than that shown during 
sleepless nights. 

3. During afternoon sleep, assisted by hexobarbitone, the tension does not 
rise. 

4. Some of the Haldane-Priestley samples collected from a subject awakened 
by an alarm clock had tensions as high as 53-54 mm Hg. 

5. It is concluded that sleep per se, even deep sleep, may cause at most 
a trifling change in alveolar carbon dioxide tension, but that periods of very 
deep natural sleep occur when a mouth-piece is not retained and the tension 
rises considerably. 


I wish to thank the subjects for their fortitude, Dr D. Longson and Mr P. J. Conlon for watching 
while I slept, the Medical Research Council for an Apparatus Grant, and Mr A. M. Walker, of the 
Department of Mathematics, for drawing my attention to the mean square successive difference 
ratio test. 
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THE FAILURE OF THE KIDNEY TO RESPOND TO 
RESPIRATORY ACIDOSIS 


By D. LONGSON anp J. N. MILLS 
From the Department of Physiology, University of Manchester 


(Received 2 March 1953) 


The renal excretion rates of sodium, potassium, chloride and bicarbonate show 
simultaneous cyclic variations during the twenty-four hours, independently of 
sleep, food or other external periodicity. The low output of electrolytes at 
night is associated with an acid urine and a high output of ammonium ions. 
During the morning a rising output of electrolytes is associated with a more 
alkaline urine and a falling output of ammonia (Stanbury & Thomson, 1951; 
Mills & Stanbury, 1952). Phosphate excretion is somewhat out of phase with 
that of the other electrolytes, falling when they rise in the morning, and 
rising in the afternoon, as Fiske (1921) also observed, and is associated, unlike 
excretion of otherselectrolytes, with cyclic variation in plasma concentration. 
The morning behaviour of the kidney, an increased output of sodium, potas- 
sium, chloride and HCO, and decreased output of hydrogen ions and phosphate, 
can easily be simulated by overbreathing (Stanbury & Thomson, 1952). It is 
therefore tempting to ascribe the nocturnal behaviour of the kidney to respira- 
tory depression, with consequent elevation of alveolar CO, tension and acidosis, 
particularly as cyclic diurnal variations of alveolar CO, tension may persist — 
even if the subject does not sleep (Cohen & Dodds, 1924; Mills, 1953). 
Davies, Haldane & Kennaway (1920) claim that CO, inhalation increases 
urinary output of ammonia and titratable acid; and Haldane, Wigglesworth © 
& Woodrow (1924) state that phosphate excretion and plasma concentration 
are likewise increased. Preliminary experiments (Stanbury & Thomson, 1951; 
Mills & Stanbury, unpublished) on CO, inhalation failed, however, either to 
confirm these results or to influence the output of sodium or potassium. As 
this seemed of interest to our understanding both of renal excretory rhythms 
and of behaviour of the kidney in acidosis, a fuller study has been carried 
out, 
A preliminary account has already appeared (Longson & Mills, 1952). 
PH. OXXII. 6 
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METHODS 
healthy male subjects, 27, 29 and 38, were investigated. — 
tho expiant the subject abeteined from excessive cals, and caffoin 
alkaloids. At about 6.0 or 9.0 a.m. he arrived at the laboratory, and remained seated until the end 
of the experiment, drinking 100 ml. water hourly and eating light sandwich meals of similar 
composition at regular times. No tobacco was smoked, nor were caffeine alkaloids consumed. 

CO, experiments were performed exactly as controls except that for about 3 hr the subject was 
in an atmosphere of 5-6}% CO,, in » chamber with capacity approximately 1800 1. The atmosphere 
was mixed with a fan, and aliquots were removed at intervals for analysis. 

Urine was collected under paraffin on waking, on arrival at the laboratory, and hourly there- 
after. Blood samples from an antecubital vein were collected in a well-fitting oiled syringe and 
transferred to heparinized tubes. The air space was promptly filled with the subject's alveolar air 
before the tube was stoppered and mixed, to prevent exchange of CO, between plasma and cells 
before the plasma was separated by centrifugation. 

Alveolar air was collected hourly or half-hourly, usually by the method of Henderson & Haggard 
(1925), as adapted by Mills (1953) for continuous infra-red analysis of alveolar air. 


Phosphate: Fiske & Subarrow (1925). 

Creatinine: Bonsnes & Taussky (1945). 

Bicarbonate: Van Slyke & Neill (1924). 

Ammonium: Aeration and titration (Hawk, Oser & Summerson, 1947). 

Urinary pH: glass and calomel reference electrode. Earlier determinations were made at room 
temperature, and 0-01 pH unit added for each 1° difference from 37° C; later determinations were 
made at 37° C. 

Plasma pH was calculated in a few experiments by the one-point method of Eisenman (1927), 
using the alveolar as arterial CO, tension and equilibrating at a tension as near this as possible with 
@ gas-mixture from a cylinder. Small systematic errors enter into the calculation, since the blood 
collected was venous, and equilibration was performed at room temperature. 

The fraction of urinary phosphate titratable to pH 7-4 was calculated from the figure pK, at 
38° = 7-18 — 1:254/ cited by Sendroy & Hastings (1927). was taken as [Na] +[K]+[{NH,]. 

| RESULTS 
Six experiments were performed on the three subjects when. exposed to CO, 
(Table 1) and nineteen controls under exactly similar conditions. A further 
| pair of experiments was performed upon subject M in a state of alkalosis 
induced by taking 40 g NaHCO, in divided doses, with and without exposure 
to CO,. Not all the urinary constituents discussed were determined in the 
earlier experiments. 

Our essential conclusion is negative, that CO, inhalation altered neither 
acid nor electrolyte excretion. Since this is at complete variance with the 
conclusions of Davies et al. (1920) and Haldane et al. (1924), a detailed presen- 
tation is desirable; it is also an essential preliminary to further exploration of 
the diurnal excretory rhythms. 

Of the urinary contributions to acid-base balance, phosphate, ammonium 
and bicarbonate were determined in one CO, exposure on each subject. In 
two, the phosphate output (Fig. 1) remained within normal limits. (In one it 


Analytical methods 
Chloride: Volhard-Whitehorn (Douglas & Priestley, 1948). 
Potassium and sodium: flame photometer, external standard. 
a 
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rose, but the urine was rather more alkaline than usual, so that the calculated 
output of dihydrogen phosphate was about the same as in controls; and the 
phosphate output fell again sharply while the subject was still in the chamber. 


Tasxe 1. Summary of experiments on exposure to CO, 


During 
Subject Initial exposure Periods of exposure 
B 41} 524 7.00-10.00 
Ll 49 9.15-11.45 
41 49 6.15-9.45 
Ml 47 56 11.30-13.30 
: 42 49 6.00-9.00 
6.30-7.30 
a 
MA* 46 53 7.15-10.15 


* Subject alkalotic through ingestion of NaHCO,. 


So 


Outputs (umole or pequiv/min) 
5 


0 


3 6 9 12 15 
Time (hr) 

1. Above: outpu of 3 controls, and 1 expt. in CO, on each subject. : 
output, subject B, 1 control and 1 expt. in CO,. Discontinuous lines represent period in CO,. 
Outputs plotted at mid-point of collection period except for initial level, which represents 
mean night output. 


Plasma phosphate was also determined in these three experiments, and was — 
never raised by the exposure to CO, as Haldane et al. (1924) claimed. In the 


upper pair of curves of Fig, 2 are plotted the plasma phosphate Bis a 
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of subject B, who on exposure to CO, showed a high peak of phosphate excre- 
tion; the most that can be said is that the fall of plasma level is less steep than 
in controls. The curves on subject M (middle group to Fig. 2) follow & similar 
coursé whether or not CO, was inspired. The lower curves of Fig. 2 show that 
the ingestion of sodium bicarbonate reduced the plasma phosphate far below 


14} 


12 


10 


and phosphate (m.mole/I.) 


10} 


08 
/ 
inco, 
06 
1 


Time (hr) 


Fig. 2. Plasma inorganic phosphate concentration. Above: subject B. Middle: subject M. 
Below: subject M, taking NaHCO,. O——O, control expts. @--- @, expts. with 
exposure to CO, during period indicated. 

the level found in controls, and that the further inhalation of CO,, which 

exactly neutralized the alkalaemia (Fig. 5), had no effect at all upon the 

hypophosphataemia. The phosphate excretion was also reduced by bicarbonate 
ingestion below the lower limit of controls, and was unaffected by CO, inhala- 
tion (Fig. 5). | 

The ammonium outputs in CO,, shown in Fig. 1, are unaltered by CO, 

inhalation. The bicarbonate output, almost zero during the night, rose in the 
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morning in control experiments at a time characteristic for each subject to 
between 5 and 40 equiv/min, and fell to near zero again usually between 
13.00 and 14.00. The experiments of Fig. 1 show a rise just as large when the 
subject breathed CO,, despite the elevation of alveolar CO, tension from 41 to 
53 mm Hg. Other subjects behaved similarly. 


| 
| > 
/min) 
% 
Alveolar> co, tension (mm Hg) 


Outputs (pequiv 


24 6 12 24 6 12 
Time (hr) 


Fig. 3. Outputs of K+ and H+, and alveolar CO, tension (@—— @) in control expts. (left) and 
during exposure to CO, (right). Subjects M, above; L, middle; B, below. 

The most informative indication of acid excretion by the kidney is probably 
output of ammonia plus phosphate titratable to pH 7-4, minus bicarbonate 
(modified from Albright & Reifenstein, 1948), and in Fig. 3 this is plotted 
with the potassium output, since the competition between potassium and 
hydrogen ions for exchange with sodium in the renal tubules (Berliner, Kennedy 
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Orloff, 1951) ma connect the diurnal rhythm in excretion of acid and 
unpublished). It will be seen that CO, inhala- 
tion has neither raised the acid output nor depressed the potassium output. 
Dietary alkalosis (Fig. 4) did however reduce the acid excretion to a large 
negative value, consisting largely of bicarbonate, since little ammonium or 
dihydrogen phosphate was excreted in these experiments. Inversely with the 
acid output, the output of sodium and potassium was very high. The correc- 
tion of the alkalaemia by CO, (Fig. 5), however, neither depressed these high 


1250 NaHCO, 10g taken 
++ 


6 a 10 12 14 
Time (hr) 


Fig. 4. Subject M, NaHCO, taken by mouth. Urinary output of Na+, HCO; and K+. @——@, 
control expt.; © --- ©, CO, expt. Outputs plotted at mid-point of collection period except 
for initial level, which represents mean night output. 


outputs of sodium and potassium nor modified the intense alkaluria. The 
kidney apparently responded to sodium bicarbonate ingestion, which raised 
plasma bicarbonate concentration some 12-13 mm, but not to pH nor tension 
of CO,. 

Sodium, potassium and chloride outputs have been determined in all experi- 
ments, and none has ever been depressed by CO,. The sodium output was 
much more variable in control experiments than was that of potassium. In 
Fig. 6 are plotted the outputs from those experiments starting early in the 
morning. Since M showed a later peak than did the other subjects, his results 
are plotted separately. It will be seen that breathing CO, entirely failed to 
prevent the morning rise in sodium excretion. 
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NaHCO, 10g taken 
45 6 in CO, = 


6 10 12 
Fig. 5. Subject M. NaHCO, taken by mouth. Alveolar CO, tension, plasma pH and urinary 
output of phosphate. @——@, control expt.; © - -- O, CO, expt. Outputs plotted at mid- 
point of collection period except for initial level, which represents mean night output. 


4 8 12 16 
Time (hr) 
Fig. 6. Sodium outputs, early morning expts. only. Above: subjects B and L, range of 3 controls, 
and 2 expts. in CQ,. Below: subject M, range of 3 controls, and 2 expts. in CO. Discon- 
tinuous lines represent period in CO,. Outputs plotted at mid-point of collection period 
except for initial level, which represents mean night output. 
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Chloride output followed a course much like that of sodium and at a very 
similar level, except in the experiments when sodium bicarbonate was ingested. 
In these the chloride output rose and fell much as in controls, although the 
sodium output rose to far higher levels. There was no indication that the high 
output of bicarbonate depressed the chloride output, although since the flows 
were large the chloride concentration fell. 

The hourly ingestion of 100 ml. water produced in control experiments 
a diuresis rather irregular in both timing and magnitude, but usually dis- 
appearing in the afternoon. A similar but larger diuresis occurred in all 
except one exposure to CO,, reaching on one occasion a peak flow of 7-2 ml./min. 
We never observed ’a fall in flow comparable with nocturnal oliguria. 

The output of urinary solutes did not appear to be affected by these 
irregularities of flow; for a steady trend of solute output was often associated 
with erratic variations of flow, as in the example in Table 2. 


Tasxz 2, Erratic variations in urine flow associated with steady trend 
in potassium output. Subject L 


Flow K concn. K ol 

Time (ml./min) (m.equiv/l.)  (wequiv/min) 
9.13-10.14 0-77 70 54 
10.14-11.14 2-65 20 53 
11.14-12.17 3-37 16 53 
12.17-13.10 1-36 34 46 
13.10-14.13 2-29 7 16 
14.13-15.13 0-75 20 15 


The output of endogenous creatinine was measured in most experiments, 
since Brod & Sirota (1948) claim that it is proportional to glomerular filtration 
rate. This output was remarkably constant and never affected by CO,. 
Occasionally, however, when the urine flow was very low and incomplete 
micturition might significantly affect results, an exceptionally low creatinine 
output was followed by an unduly high one. It is quite probable that such 
findings were due to incomplete micturition, and the two consecutive urine 
samples were therefore pooled for further calculations. 


DISCUSSION 
It is well known that the kidney responds to a dietary or metabolic acidosis by 
an increased acid output, and the claim of Davies et al. (1920) that it responded 
similarly to a respiratory acidosis seemed so reasonable that it appears to have 
escaped critical examination. The two experiments these authors describe 
were however performed at a time of day when acid excretion commonly 
increases as part of the habitual diurnal rhythm, and no control experiments 
were recorded. The acid and ammonia outputs recorded as ml. 0-1 in acid/hr 
have only to be multiplied by 1-67 to convert them to our units of pequiv/min, 
when it will be seen that the supposed increase in acid and ammonia output 
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is actually less than we have often observed in controls with no CO, inhalation. 
The percentage of CO, breathed was much the same as in our experiments, but 
the tension attained in alveolar air is not recorded. 

The phosphate figures of Haldane et al. (1924) need more careful considera- 
tion. These authors were aware of the diurnal phosphate rhythm, though it is 
not clear whether the control figures they cite in the ‘discussion’ are personal 
observations upon the same subject, or are taken from the literature. They 
exposed their subject to CO, at a time of day when phosphate excretion might 
be expected to increase spontaneously, and when in control experiments we 
have observed quite sharp rises in plasma phosphate concentration. Admit- 
tedly we have never in controls observed so large a rise in excretion; our plasma 
figures are not strictly comparable, as Haldane et al. determined whole blood 
inorganic phosphate, but the observations of these authors would be much 
more convincing if published with control observations on the same subject at 
the same time of day. In addition, no figures of urinary acidity were published 
so there is nothing to indicate that any increase in phosphate output aided in 
the correction of plasma acidity. 

Our exposures to CO, were much earlier in the day, at a time when plasma 
phosphate and phosphate output habitually fall; the fall in excretion rate was 
only once reversed, the fall in plasma level never; and on the one occasion 
when excretion rate rose, the urine became more a! kaline, so that the total acid 
output still fell; in this experiment phosphate excretion also fell abruptly 
during continued exposure to CO,. The high blood inorganic phosphate and 
phosphate excretion during nocturnal sleep, recorded by Haldane et al. as 
evidence of the effect of high alveolar CO, upon blood and urinary phosphate, 
are probably irrelevant. We (Longson, Mills & Stanbury, unpublished) have 
observed just as large swings of plasma level and excretion rate during sleepless 
nights when changes in alveolar CO, tension were minimal. Haldane e¢ al. 
admit that any effect of CO, upon phosphate excretion is due, mainly at any 
tate, to a change in plasma level; there is no satisfactory evidence that, either 
by an effect of its own or by altering the plasma acidity, CO, directly affects 
the kidney’s handling of phosphate. 

When sodium bicarbonate was taken, the morning fall in phosphate output 
was rather more profound and prolonged than in controls. Fiske (1921) with 
5-10 g sodium bicarbonate, failed to observe any such change, but Haldane 
et al., with doses similar to ours, mention ‘an undecided tendency for the 
morning fall in the phosphate output to be more profound and the rise delayed 
longer than under normal conditions’. When we prevented alkalaemia by 
breathing OO,, the renal response was the same; it cannot therefore have been 
directly due to the change in plasma pH. The plasma phosphate concentration 
likewise was depressed by bicarbonate ingestion more profoundly than in any 
controls; Haldane ef al., determining whole blood inorganic phosphate, failed 
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to observe such a change. Again, this profound depression was quite unmodi- 
fied by a concentration of inspired CO, which completely prevented any change 
in plasma pH, thus demonstrating the apparent indifference to blood pH 
per se of another mechanism often supposed to participate in acid-base 
regulation. 

Perhaps the most striking instance of the indifference of the kidney to 
respiratory acidosis is the large matutinal rise of bicarbonate excretion, seen 
in Fig. 1, occurring whilst the subject was in the CO, chamber, which actually 
exceeded if it differed at all from the rise in a control experiment. 

The excretion of sodium and potassium was as completely unaffected as was 
the acid output by respiratory acidosis. Barbour, Bull, Evans, Hughes Jones 
& Logothetopoulos (1953) likewise find that breathing 5-7% CO, does not 
affect sodium nor potassium output, but as their experiments were performed 
in the afternoon, when outputs are relatively low, they are not strictly com- 
parable. Some uncertainty exists in the literature upon the magnitude of the 
rise in alveolar OO, tension during nocturnal sleep, estimates ranging from 
about 2 mm Hg or less (Bass & Herr, 1922; Harrison, King, Calhoun & Harri- 
son, 1934; Magnussen, 1944) to as much as 10 mm (Endres, 1922). We have 
attained or exceeded the highest of these estimates, without in any way 


reducing the output of sodium and potassium or urine flow towards the 


nocturnal low level; and in unpublished experiments we have seen the habitual 
rhythm persisting during sleepless nights when rises of alveolar CO, tension 
were around the lower values cited for sleep. 

It may be that very high levels of blood CO, tension will increase the kidney’s 
output of acid, and perhaps depress the potassium excretion. Singer, Clark, 
Barker & Elkington (unpublished) make such a claim for subjects spending 
30 min in 74% CO, after sodium bicarbonate ingestion, but their results were 
very inconsistent, and they always produced a large diuresis, which is very 
different from the condition during normal sleep. More prolonged exposure to 
high blood tensions of CO,, such as may occur in emphysema, again might 
affect the kidney in a way not revealed by 3 hr exposures. We have deliberately 
confined our attention to changes not too far different from those which may 
occur during sleep. 

We do not wish in this paper to discuss either the connexion between acid- 
base balance and output of electrolytes by the kidney, nor the immediate 
cause of either. Competition between hydrogen and potassium for ionic 
exchange with sodium in the renal tubules (Berliner et al, 1951) is a possibility 
quite in accordance with the data of Figs. 3 and 4, which will be discussed in 
a later paper. It is clear, however, from the present data that the familiar 
nocturnal aciduria with low electrolyte output cannot be due simply to 
respiratory depression and consequent elevation of blood CO, tension. 
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SUMMARY 


1. Three subjects were exposed for 2-3 hr to 5-64% CO, at a time in the 
morning when, in control experiments, outputs of sodium, potassium and 
bicarbonate were rising, and phosphate, acid and ammonium falling. 


2. All these morning tides in excretion rates, except that of phosphate, 
continued exactly as in controls. 


3. In one experiment only, phosphate output rose, but as the urine became 
more alkaline the total acid excretion fell as in controls. 


4. Plasma phosphate concentration fell, as in controls. 

5. In a subject in a state of dietary alkalosis, restoration of the plasma pH 
to normal by CO, inhalation in no way diminished the high sodium, potassium 
and bicarbonate output, nor raised the low plasma phosphate concentration 
and phosphate excretion. 


6. The kidney did not, over 3 hr, correct a respiratory acidosis; nor can 
respiratory acidosis be the cause of the maaan behaviour of the kidney at 
night. 


Our thanks are due to F.B.B. for acting as subject; and one of us (J.N.M.) is indebted to the 
Medical Research Council for an Apparatus Grant. 
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THE PLACENTAL TRANSFER OF HEXAMETHONIUM 
BROMIDE AND THE ORIGIN OF AMNIOTIC FLUID 
IN THE RABBIT 


By I. MAUREEN YOUNG 
From the Sherrington School of Physiology, St Thomas’s Hospital, London 


(Received 3 March 1953) 


It was desirable to study the placental transfer of hexamethonium for two 
reasons. First, it is likely to be used clinically in the treatment of hypertensive 
states during pregnancy and the safety of the baby might be in question. 
Secondly, a comparison of the results for the transfer of the hexamethonium 
ion with those already known for its homologue, the decamethonium ion 
(Young; 1949) would yield some information on the nature of the permeability 
of the placental barrier. 

In preliminary experiments it was demonstrated, in the rabbit, that the 
placental barrier was permeable to the hexamethonium ion. However, the 
finding that it also appeared in the amniotic fluid in concentrations exceeding 
those in both the foetal and maternal blood stream, provided the possibility 
of some observations on the origin and rate of turnover of the amniotic fluid. 


METHODS 


A. Permeability of the placenta to hexamethonium 

(1) Tranefer from maternal to foetal circulation 

Unanaesthetized rabbits were used during the last three days of the gestation period (28-31 days). 
Hexamethonium was injected into the ear vein, at half-hourly intervals, in doses equivalent to 
2-10 mg/kg/hr; the animals were sacrificed, for the collection of foetal blood and amniotic fluid, 
after periods from 10 min to 12 hr. The level of hexamethonium in the maternal blood stream, 
during the experiments, was estimated on samples collected from the median ear artery just before 
the succeeding injection. A control specimen of maternal blood was collected before the first 
injection of hexamethonium. Foetal blood and amniotic fluid were taken as controls for hexa- 
methonium-like activity from four uninjected does sacrificed for the purpose. As these specimens 
had no depressant activity on the superior cervical ganglion it was assumed that all foetal blood 
and amniotic fluid was free from hexamethonium-like activity at the beginning of the experiments. 
(2) Transfer from foetal to maternal circulation ' 

Does, 25-31 days pregnant, were anaesthetized with pentobarbitone sodium 40 mg/kg. A 
foetus was exposed and 6-15 mg hexamethonium injected into a branch of one umbilical artery, 
towards the placenta. To prevent any leakage, the artery was ligatured carefully on either side of 
the puncture. The membranes were not ruptured and the abdominal wound was closed, and the doe 
well cared for for 1 hr when maternal and foetal blood and amniotic fluid samples were collected. 
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B. Experiments on the rate of turnover and origin of the amniotic fluid 
(1) Rate of removal of hexamethonium from amniotic fluid 

The rabbits in the two following experiments were 28-31 days pregnant. 

(a) Low amniotic concentrations in the unanaesthetized rabbit. The technique was similar to that 
described above for the transfer of hexamethonium from the maternal to the foetal circulation. 
The repeated maternal injections of hexamethonium were, in each case, at the rate of 2 mg/kg/hr 
and were maintained for 7 hr. The does were not sacrificed for collection of foetal blood and 
amniotic fluid until 6-24 hr after the injections were discontinued. 

(d) Low and high amniotic concentrations in the anaesthetized rabbit. The maternal abdomen was 
opened under light pentobarbitone anaesthesia, 40 mg/kg. A small incision was made in the 
uterine wall over one foetus and 40-60 yg or 10-15 mg hexamethonium injected into the amniotic 
cavity; this was readily done by inserting the hypodermic needle obliquely through the exposed 
vascular splanchnopleure and through the amniotic membrane (these together constitute a very 
thin layer) until the foetal body wall could be felt. The small incision in the uterine wall was sewn 
up, the abdomen closed and the doe well cared for for periods up to 5 hr; beyond this time the 
placental circulation could not be relied upon as the maternal blood pressure fell below 80 mg Hg. 
Maternal blood samples were collected during the experiment, and at the end of the experimental 
period blood was taken from the mother and blood and amniotic fluid collected from every foetus. 
In some of these experiments the vitelline vessels were occluded as described below in the section 
3(6) on the origin of amniotic fluid. 


(2) Influence of foetal age on the rate of appearance of hexamethonium in the amniotic fluid 

Rabbits 18-31 days pregnant were used. The does were unanaesthetized and the technique was 
similar to that described for the transfer of hexamethonium from the maternal to the foetal 
circulation. The repeated maternal injections were, in each case, at the rate of 2 mg/kg/hr and 
were maintained for 7 hr; the does were sacrificed at the end of this period for sampling of foetal 
blood and amniotic fluid. 


(3) Origin of amniotic fluid 

The rabbits in the following experiments were 28-31 days pregnant. Light pentobarbitone 
anaesthesia was used and the general procedure was very similar to that described above for the 
rate of removal of hexamethonium from the amniotic fluid in anaesthetized rabbits (see B 1(b)). 

(a) Occlusion of the umbilical cord. A small incision was made in the uterine wall over the region 
of the cord, and through the vascular splanchnopleure, Fine silk was passed through the amniotic 
membrane, under the cord and up through the amniotic membrane again with a small curved 
needle; it was then tied tightly round with the included portion of amniotic membrane. There was 
no tearing of this membrane and the amniotic fluid volume was comparable with that of the 
controls at the end of an experiment. The umbilical cords of two or three foetuses were occluded 
when the litter was large. Repeated maternal injections at the rate of 2 mg/kg/hr were maintained 
for periods of 2-5 hr; the rabbits were then sacrificed for collection of samples from each foetus. 

(b) Occlusion of the vitelline vessels. The main vitelline artery and vein are readily seen through 
the uterine wall. A small incision was made in the uterus in this region and the vessels were tied 
with fine silk. Several operations of this nature were made when the litters were large. Repeated 
maternal injections at the rate of 2 mg/kg/hr were maintained for periods of 2-5 hr; the rabbits 
were then sacrificed for collection of samples from each foetus. 

(c) Absorption from the uterine cavity. 10 mg hexamethonium was injected into the uterine cavity 
through a small incision in the uterus made, so far as possible, between two foetuses. The uterine 
| 

Hexamethonium assay 

Hexamethonium in plasma and amniotic fluid was assayed on the nictitating membrane in the 
cat by close arterial injection into the superior cervical ganglion (Paton & Zaimis, 1952). The 
peripheral end of the cut cervical sympathetic nerve was stimulated at.approximately 25/sec to 
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give a constantand maximal retraction of the nictitating membrane. Untreated plasma or amniotic 
fluid samples were delivered to the superior cervical ganglion by,injection into the external carotid 
artery which had been tied peripherally. The degree of the ganglionic block produced by hexa- 
methonium activity was measured quantitatively by the temporary partial relaxation of the 
nictitating membrane. The extent of the relaxation was calibrated by injections of standard 
amounts of hexamethonium bromide in saline. The plasma and amniotic fluid samples were diluted 
until they contained 0-5-3 ug hexamethonium/ml. 


RESULTS 
A. Permeability of the placenta to heramethonium 

(1) Transfer from maternal to foetal circulation. The injection of hexa- 
methonium into the maternal circulation at the rate of 2 mg/kg/hr maintained 
a plasma concentration of at least 6-2-8-1 g/ml. throughout the experimental 
period. In 28 to 31-day-old foetuses the drug appeared within 10 min in the 
foetal blood stream, and Table 1 shows that the concentration never exceeded 
3-1 ug/ml. even after a 12 hr period of infusion into the maternal blood stream. 
The same concentrations of hexamethonium were found under the same 
experimental conditions in foetuses 23-28 days old (Table 3). Sufficient blood 


_<-¢ould not be obtained from younger foetuses for a reliable assay. 


Taste 1. The placental transfer of hexamethonium and the rate of its 


= 2 accumulation in the amniotic fluid 
Rabbits 28-31 days pregnant. Hexamethonium injected intravenously 
into the maternal circulation at the rate of 2 mg/kg/hr 
Duration Hexamethonium pg/ml. at the end 
No. in group maternal of experimental period 

1 5 6-5 2-4-2-8 2-0-2-6 
2 8 2 7-2, 7-7 2-6-2-8 4-6-6-0 
2 9 4 6-9, 7-5 2-3-3:1 8-5-10-2 
3 ll 5 6-3, 7-9, 6-5 2-5-2-7 10-0-12-0 
3 13 & 8-0, 7-6, 7-2 2-5-3-0 14-6-17-0 
2 9 10 6-2, 7-6 2-5-3-0 18-0-23-5 
2 8 12 8-1, 7-7 2-0-3-0 22-0-27°5 


In four does who received injections of hexamethonium at the rate of 6 and 
10 mg/kg/hr for 5 hr the average maternal plasma level was 20-5 and 34-0 wg/ml. 
respectively. At the end of the experimental period the corresponding foetal 
plasma levels were 7-2 and 10-5 g/ml. and those of the amniotic fluid 16-0 and 
25-6 ug/ml. 

(2) Transfer from foetal to maternal circulation. After the injection of 10 mg 
hexamethonium into the foetal circulation the maternal plasma level, in three 
does, was 6-7, 5-4 and 8-8 g/ml. after 1 hr. Hexamethonium (1-5 g/ml.) was 
present in the amniotic fluid of the experimental foetus, and similar amounts 
were found in the plasma of the undisturbed foetuses though none was found 
in the amniotic fluids. 
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B. Experiments on the rate of turnover and origin of the amniotic fluid 

(1) Rate of appearance and removal of hexamethonium from amniotic fluid in 
rabbits 28-31 days pregnant. With continuous injections into the maternal 
blood stream hexamethonium appeared in the amniotic fluid within the hour; 
the concentration of hexamethonium in the amniotic fluid exceeded the 
maternal plasma concentration at 4 hr and thereafter continued to rise to 
4-5 times the maternal plasma value (Table 1). If the maternal injections 
were discontinued and the does not sacrificed immediately, small amounts of 
hexamethonium were still found in the amniotic fluid after 21-24 hr (Table 2). 


Table 2. Rate of loss of hexamethonium from amniotic fluid 


Rabbits 28-31 days pregnant. Hexamethonium injected intravenously 
into maternal circulation at the rate of 2 mg/kg/hr for 7 hr 


Time after Hexamethonium (yg/ml.) 
No. in group lastmaternal - 
— A ‘ injection Maternal Foetal 
Does Foetuses (hr) plasma plasma fluid 
3 13 0 8-0, 7-6, 7-2 2-5-3-0 14-6-17-0 
2 7 6 0-0 0-0 9-6-12-0 
3 ll 12 0-0 0-0 4-7-6-3 
1 5 21 0-0 0-0 1-0-2-5 
I 4 24 0-0 0-0 0-5-2-5 


When hexamethonium was injected into the amniotic cavity in three anaes- 
thetized does to give final concentrations of 20-30 pg/ml. in the amniotic fluid, 
there was only a small decrease in this concentration during a 5 hr experimental 
period ; no hexamethonium activity was found in the foetal or maternal plasma. 
In four does hexamethonium was injected to give final concentrations of 
approximately 5 mg/ml. in the amniotic fluid and there was again only a small 
fall in concentration during the 5 hr experimental period ; however, concentra- 
tions of 2-3-5-2 ug/ml. were found in the foetal plasma but no activity in the 
maternal plasma. Interruptions of the vitelline circulation did not alter this 
slow removal of hexamethonium from the amniotic fluid nor prevent its 
appearance in the foetal blood stream. 

(2) Influence of foetal age on the rate of appearance of hexamethonium in the 
ammotic fluid. The rate of accumulation of hexamethonium in the amniotic 
fluid was found to increase with foetal age (Table 3). At the end of the 
standard experimental period, only small amounts of hexamethonium were 
present in the amniotic fluid of young foetuses, 14-19 days old. The increase 
in the rate of accumulation of hexamethonium was most rapid between the 
23rd and 26th days of gestation. 

(3) Origin of amniotic fluid. No hexamethonium appeared in the amniotic 
fluid of seven foetuses whose umbilical cords were tied before the commence- 
ment of injections of the drug into the maternal blood stream; hexamethonium 
was present in the amniotic fluid of the control foetuses in the expected 
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concentration at the end of the experimental periods of 2-5 hr. Interruption 
of the vitelline vessels only did not interfere with the rate of accumulation of 
hexamethonium in the amniotic fluid in six foetuses. 

When high concentrations of hexamethonium were present in the uterine 
cavity, 1-5-3 ug/ml. was found at the end of 5 hr in the amniotic fluid of the 
two foetuses adjacent to the site of injection of the drug. Similarly, low 
concentrations of hexamethonium were found in the maternal blood stream in 
every case but there was no evidence of hexamethonium either in the foetal 
bloods or in the amniotic fluids of those foetuses more remote from the 
injection site. This experiment was carried out on four does. Hexamethonium 
1-2 g/ml. was found in the uterine secretions at the end of the standard 
experiment after the does had received 2 mg/kg/hr intravenously for several 
hours. | 


TaB_Ez 3. The influence of foetal age on the placental transfer of hexamethonium 
and the rate of its accumulation in the amniotic fluid 


Hexamethonium injected intravenously into the maternal circulation 


at the rate 2 mg/kg/hr for 7 hr 
Hexamethonium (yg/ml.) at end of 
No. in group Foetal experimental period 
Does Foetuses (days) Maternal plasma Foetal plasma Amniotic fluid 
2 7 14 7-8, 6-7 — 0-5-1-0 
2 8 19 6-2, 6-5 -- 0-5-1-0 
2 10 23 8-0, 8-0 2-3-2-5 3-2-4:8 
2 9 26 7-2, 7-9 2:2-2-8 10-5-12-0 
2 8 29 6-7, 7-5 2-5-3-0 14-5-16-5 
1 5 31 7-5, 7-5 2-5-3-0 15-5-17-0 
DISCUSSION 
Permeability of placenta to hexamethonium 


In the present experiments hexamethonium did not impair the placental 
circulation for, after long periods of injection in the unanaesthetized rabbit, 
the placental colour was always good and the foetuses were very responsive to 
stimuli, Moreover, six does which had received hexamethonium, 2 mg/kg/hr 
for 7 hr, during the last three days of the gestation period, were delivered of 
healthy litters without incident. The maternal blood pressure was not recorded 
in any of the experiments on the unanaesthetized does. However, in a separate 
experiment (Dornhorst & Young, 1952, unpublished observation) some 
recordings were taken, with a capacitance manometer from the median ear 
artery, to determine the effect of hexamethonium on the arterial blood 
pressure in the unanaesthetized rabbit. The intravenous injection of 2 mg 
hexamethonium/kg caused a transient fall in arterial pressure from 110-115 to 
95-100 mm Hg. With 10 mg hexamethonium/kg the arterial pressure fell to 


85-90 mm Hg but returned to the resting value within 5 min. In the anaes- 
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thetized animal the placental circulation, as judged by its colour only, is not 
impaired until the maternal arterial pressure falls below 80 mm Hg. | 

It is unlikely that the foetal arterial pressure would be depressed by the 
concentration of hexamethonium present in the foetal plasma for it is well 
known that the developing and new-born animal is relatively insensitive to 
drugs. Dornhorst & Young (1952, unpublished) showed that 1 mg hexa- 
methonium given intravenously to an 80 g guinea-pig foetus did not lower the 
arterial pressure. 

The ions of quaternary ammonium salts characteristically penetrate cell 
membranes slowly, and the present results indicate that the placental barrier 
cannot be regarded as very permeable to hexamethonium, from the maternal 
to the foetal side, for equilibrium between the two circulations is never attained. 
The concentration in the foetal blood stream increases as the level in the 
maternal blood stream is increased, but more slowly; it will also depend upon 
the maternal and foetal circulation rates and upon the rate of loss through 
the foetal kidney: the latter may be measured by the rate of appearance of 
hexamethonium in the amniotic fluid. The rate of loss of hexamethonium 
through the foetal kidneys is not rapid since it requires 4 hr for the amniotic 
hexamethonium concentration to equal that in the maternal blood stream; 
the total volume of the amniotic fluid is approximately 2 ml. and only about 
4 wg hexamethonium is excreted by each near-term foetus per hour. The 
experiments which show that the origin of the amniotic hexamethonium is 
entirely foetal and that the rate of removal of amniotic hexamethonium is slow, 
will be discussed. 

The passage of hexamethonium across the rabbit placental barrier from the 
maternal to the foetal blood stream contrasts with the apparent impermeability 
of the barrier to the decamethonium ion which was not transferred even when 
very high doses were injected into the maternal blood stream (Young, 1949). 
This discrepancy could be explained by the difference in molecular size of the 
two ions; the larger decamethonium ion may traverse the barrier slowly but 


never reach a concentration high enough to produce neuromuscular block in 


the foetus. 

The placental barrier is also permeable to hexamethonium from the foetal 
to the maternal blood stream; this compares with the results for p-tubo- 
curarine, Buller & Young (1949), but could not be shown for decamethonium 
(Young, 1949). The concentration of hexamethonium in the foetal blood 


stream in these experiments is approximately 3 mg/100 ml. and therefore the 
concentration gradient is high. | 


Origin of amniotic fluid 
There are three possible sources of the constituents of the amniotic fluid: 
(1) secretion by the amniotic membranes, (2) by, absorption from the uterine 
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cavity through the vitelline vessels, as shown by Brambell, Hemmings, Hender- 
son, Parry & Rowlands (1949), and (3) foetal excretion through the skin, kidneys 
or alimentary canal. With the exception of the foetal kidneys these routes 
may also be responsible for removal of constituents of the amniotic fluid. 
Interruption of the vitelline circulation did not interfere with the rate of 
accumulation of hexamethonium in the amniotic fluid, neither did this pro- 
cedure influence the characteristically slow removal of hexamethonium from 
the amniotic cavity. When hexamethonium was injected into the uterine 
cavity small amounts only appeared in the amniotic fluid even when the 
vitelline circulation was intact. Therefore neither the membranes nor their 
associated circulations are responsible for the accumulation or removal of 
the hexamethonium which appears in the amniotic fluid. 

There are two pieces of evidence which show that the foetus itself is 
undoubtedly the source of the hexamethonium which appears in the amniotic 
fluid. First, no hexamethonium was present in the amniotic fluid when the 
umbilical cord was occluded and, secondly, the rate at which hexamethonium 
appeared in the fluid depended upon the age of the foetus. Little can be said 
of the secretory activity of the foetal skin, but excretion from the alimentary 
canal is known to be minimal (Windle, 1940) and the foetal kidneys are the 
most likely route for the excretion of hexamethonium. At the beginning of 
the age period studied, 14 days, the foetal rabbit is capable of urine formation 
(Gersh, 1937) and the amount formed increases with foetal age. It was not 
possible to collect sufficient urine from foetal rabbits to assay the hexa- 
methonium activity, but in similar experiments on guinea-pigs hexamethonium 
was found in the foetal urine in concentrations 3-4 times the foetal plasma 
levels. Besides the increased urine formation which will take place as the 
foetus develops there will also be an increased blood flow on the foetal side of 
the placenta and, provided that the placental permeability does not decrease, 
an accelerated transfer of hexamethonium into the foetal blood stream. It 
would appear, from Table 3, that there is no change in permeability of the 
placenta to hexamethonium between the 23rd and 31st day of gestation. In 
the guinea-pig, from the 35th to 60th day of gestation, the placenta is less 
permeable to hexamethonium than in the rabbit and the rate of accumulation 
of the drug in the amniotic fluid is considerably slower. The concentration of 
hexamethonium found in the amniotic cavity will depend upon the volume of 
the fluid present as well as upon the development of the foetus and the foetal 
circulation. The amniotic fluid was collected as carefully as possible in every 
case, and a range of 1-7-2-4 ml. for each foetus was found throughout the 
period studied; changes in volume could not therefore account for any of the 
differences in hexamethonium concentration found. 

Hexamethonium would appear to be eliminated from the amniotic cavity 
through the gut or skin of the foetus and hence into the foetal blood — 
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for when large amounts of hexamethonium were introduced into the amniotic 
fluid, hexamethonium activity could be demonstrated in the foetal blood; this 
was not prevented by occluding the vitelline vessels. The rate at which elimina- 
tion by this means will take place depends first, upon the frequency of swallow- 
ing by the foetus which is well known to occur actively : secondly, upon the rate 
of absorption in the alimentary canal, which has been shown to take place very 
slowly in adult man (Milne & Oleesky, 1951); and thirdly, upon the rate of 
re-elimination by the foetal kidneys into the amniotic cavity. 

The slow rate of disappearance of hexamethonium from the amniotic fluid 
is in contrast with Flexner’s conception of a rapid rate of turnover of amniotic 
fluid which is based on the rate of transfer of heavy water and radio-active 
sodium from the maternal circulation into the amniotic fluid in the guinea-pig 
and in the pregnant woman (Gellhorn & Flexner, 1942; Vosburgh, Flexner, 
Cowie, Hellman, Proctor & Wilde, 1948). It might be pointed out, however, 
that although the water in amniotic fluid was completely replaced in 1-3 hr 
the replacement of sodium in the guinea-pig was 50 times less rapid; this does 
not warrant their overall statement that the amniotic fluid can no longer be 
regarded as ‘relatively stagnant’. The rate of removal of hexamethonium from 
the rabbit amniotic fluid, which took 24-36 hr in the present experiment, lies 
well within the range for the rate of turnover of sodium in the guinea-pig. 


SUMMARY 


1. Hexamethonium is transferred slowly from the maternal to the foetal 
circulation in the rabbit. Equilibrium between the two circulations is never 
reached. The concentration found in the foetal blood increases as the maternal 
blood level is increased, though more slowly. The permeability of the placental 
barrier is independent of the age of the foetus from the 23rd to 31st day of 
gestation. 

2. When high concentrations are present on the foetal side of the barrier, 
hexamethonium is transferred from the foetal to the maternal circulation from 
the 25th to 3lst day of gestation in the rabbit. 

3. During intravenous injections into the maternal circulation, hexa- 
methonium appears in the amniotic fluid within 1 hr and continues to accumu- 
late, exceeding the maternal plasma level in 4 hr. 

4. The accumulation of hexamethonium in the amniotic fluid was not 
influenced by occlusion of the vitelline circulation, but it was prevented by 
tying the umbilical cord. The foetal urine is considered to be the source of the 
amniotic hexamethonium. 

5. The rate of accumulation of hexamethonium in the amniotic fluid 
depended on the age of the foetus: in 14 to 19-day foetuses it was slow but 
thereafter increased to the end of the gestation period. 
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6. Hexamethonium was removed slowly from the amniotic fluid, over 
a period of 24-36 hr. 


7. The foetal blood stream is, at least, one route for the removal of hexa- 
methonium from the amniotic fluid. 


My thanks are due to Prof. H. Barcroft for helpful criticism and encouragement and for facilities 
to carry out this work. 
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THE RATES OF ABSORPTION OF ACETIC, PROPIONIC 
AND n-BUTYRIC ACIDS 


By W. H. PFANDER* anp A. T. PHILLIPSON 
From the Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 10 March 1953) 


Numerous experiments on the absorption of acetic, propionic and n-butyric 
acids have provided considerable information on the rates at which individual 
acids disappear from the rumen under the conditions of the experiment and 
of the concentrations appearing in the blood stream, but none of these experi- 
ments simulates normal conditions sufficiently to allow deductions to be made 
of the quantities of these acids normally absorbed. 

Recently, Johnson (1951) studied the concentrations of these acids in the 
rumen of fasting goats and sheep after the administration of large quantities 
of propionic and n-butyric acids, and came to the conclusion that butyric acid 
was absorbed in greater quantity than propionic acid. It is known that more 
butyrate can be absorbed from the rumen than can be accounted for by the 
butyrate entering the blood stream (Masson & Phillipson, 1951), and this is due 
to metabolism of butyrate by the rumen epithelium (Pennington, 1952) which 
im vitro is more pronounced than metabolism of propionate or acetate. The 
experiments described here were designed to study (a) the absorption of these 
three acids quantitatively by introducing a steady inflow of a solution of these 
acids at a suitable pH and in amounts that would maintain the concentrations 
in the rumen at physiological levels, and (b) to see whether the information so 
gained could be used to determine the rates of absorption in unanaesthetized 
sheep that were fasting or feeding. 


_ METHODS 

Experimental 
One-year-old Scottish Blackface sheep, with the rumen previously cannulated, were used. The 
sheep were starved for 18 hr prior to the experiment to facilitate the removal of food from the 
rumen. The rumen was emptied and washed clean with warm saline. The sheep were anaesthetized 
by the intravenous injection of pentobarbitone, and the rumen was isolated in the manner 
described by Danielli, Hitchcock, Marshall & Phillipson (1945). 


*Present address: College of Agriculture, Department of H : of 
Missouri, Columbia, U.S.A. ‘University 
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The solution introduced into the rumen was Krebs’s bicarbonate Ringer in which NaCl was 
substituted by sodium acetate, propionate and n-butyrate to give concentrations of 63-+9, 21+3, 
and 1543 m.equiv/l. These concentrations are within the range usually found in the rumen. 
A similar solution, except that it contained different proportions of the three acids, was introduced 
into the rumen from a burette at the rate of 1 ml./min. The concentrations of acids in this solution 
were adjusted as the experimental series progressed until the concentrations in the ramen were 
steady throughout the experimental period. In this way the rate of introduction of acid served 
as an index to the rate of absorption. The solution in the rumen was gassed with carbon dioxide 
at 15 min intervals throughout the experimental period. 

In later experiments comparisons were made between solutions at neutral and acid pH values, 
and between the presence or absence of inorganic ions and carbon dioxide. 

Experiments on two unanaesthetized sheep were conducted in a metabolism cage. Both were 
acoustomed to standing in the cage. The solution, containing fatty acids in proportions similar to 
their rate of absorption in the acute experiment, was introduced into the rumen by connecting 
a reservoir 6 ft. above the cage to the rumen cannula by means of polythene tubing. The 
rate of flow regulated by Mohr clamps and a drop counter to 60+2 ml./hr. 

Chemical 

Fatty acids were separated from rumen contents or from saline solutions by steam distillation 
in the presence of an equal volume of saturated magnesium sulphate solution containing 2-5% 
(v/v) concentrated sulphuric acid. Individual acids were separated by the gas-liquid chromato- 
graphic technique of James & Martin (1952). Recovery of individual acids was 95% or over. 


RESULTS 
The course of one experiment is given in Table 1. This experiment was the 
fourth of the series, and the rate at which acids were introduced was very close 
to the total quantity found to be absorbed. The concentrations of the three 


TaB_z 1. The absorption of acetic, propionic and butyric acids from the 
washed, isolated rumen of a 20 kg sheep 


m.equiv acid in rumen 


Volume 
Time (ml.) pH Acetic Propionic Butyric Total 
0 3000 5-7 183 62 55 300 
2 min 3000* 5-8 183 60 53 296 
lhr 3044+ 5-7 185 65 56 306 
2 hr 5-6 186 68 59 313 
3 hr 3144 5-6 187 73 64 324 
4hr 3200 5-8 188 76 69 333 
(washings) 
Rate of introduction of fatty acids 33 20 25 78 
(m.equiv/hr) 
Mean absorption (m.equiv/hr) 32 16 21 69 


* Assumed. 
+ Volume calculated assuming a uniform increase throughout the experimental period. 


acids in the rumen showed very little variation throughout the 4 hr. The total 
left at the end of-the experiment was 338 m.equiv while 312 m.equiv were 
added during the 4 hr to the 300 m.equiv introduced at the start of the 


experiments so that 274 m.equiv were absorbed. The rate of introduction— 
78 m.equiv/hr—was close to the rate of absorption, namely 68-5 m.equiv/hr. 
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The actual losses from the rumen per hour in order of magnitude were found | 
to be acetic > butyric > propionic. It is interesting to compare the ratio of the 
acids in the rumen at the start of the experiment with ratios in which the acids 
disappeared from the rumen; thus the propionic/acetic ratios were 1 : 2-9 and 
1 : 2-0 for the rumen and for the rate of disappearance respectively ; the ratios 
butyric/acetic were 1 : 3-3 and 1 : 1-5 respectively. This is a clear indication 
that the higher acids disappear at rates that are disproportionate to their 
concentrations when compared to acetic acid. It also shows that thelowconcen- _ 
tration of butyric acid in the rumen is no indication of its relative importance. 


Taste 2. The absorption of acetic, propionic and butyric acids from the washed, isolated ramen 
of sheep in the presence of Krebs’s bicarbonate saline and carbon dioxide when these acids 


were introduced at different rates 
Rate of introduction 
of acids Mean a 
(m.equiv/hr) (m.equiv hr) 
Wt. - pH of A —, 
Expt. sheep expt. rumen 
no. (kg) Acetic pionic Butyric (hr) contents Acetic pionic Butyric Total 

| 29 9 27 62 3 5-6-5-8 22 18 42 82 

2 26 16 16 31 3 5-6-5-8 31 17 27 75 
3 24 18 12 28 4 5-6-5-8 34 14 22 70 

4 20 33 20 25 4 5-6-5-8 32 16 21 69 


TaBiz 3, The absorption of acetic, propionic and butyric acids from the washed, isolated rumen of sheep at 
different pH or in the presence or absence of Krebs’s bicarbonate saline and carbon dioxide 


Rate introduction 
bi 
Composition of (m.equiv/hr) (m.equiv 
sheep rumen apart from expt. rumen Pro- 
(kg) fatty acids Acetic ionic Butyric (hr) contents Acetic pionic Butyric Total 
Saline + CO, 2 6-5 34 9 13 56 
26 Satine | | 
with HC] le 5-8 31 16 23 70 
No saline or 31 16 25 2 5-0 40 24 33 98 
CO, but 
34 
with HCl 
Saline + CO, 32 17 24 2 6-4 0 13 8 21 } 
No saline or ( 1} 6-0 50 35 25 110 
29 Saline +CO,, 36 18 19 
ified J ly 6-0 48 17 18 83 


The results of a series of four similar experiments, including the one pre- 
sented in detail, are given in Table 2. The high rate of absorption of butyric 
acid found in the first experiment was due to the high proportion of butyric 
acid in the solution introduced into the rumen so that the concentration rose 
to 2-5 times its original value. Otherwise approximately the same rates of 
absorption occurred in spite of the differences in the rates of introduction of 
the acids. In a second series of experiments given in Table 3 a comparison of the 
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rates of absorption at two levels of pH showed an increased rate of absorption 
at an acid pH. The rate increased more with butyric acid than with propionic 
acid, which is in accordance with the earlier work of Danielli et al. (1945). 

In addition, the presence of Krebs’s bicarbonate Ringer and carbon dioxide 
appeared to have a depressing effect on absorption, particularly of propionic 
and butyric acids. In both experiments in which the inorganic ions were 
omitted the rate of absorption of propionic acid was greater than in any of the 
other experiments. An alteration of pH in the first of these two experiments 
could have produced this result, but in the second the pH of the solution was 
the same and the same depression was found. The complete cessation of 
absorption of acetic acid that occurred in the second of these experiments is 
interesting but cannot be explained. The fact that it can occur, however, 
while absorption of the remaining two acids continues even at a reduced rate 
is worth recording. 

Two experiments were done on unanaesthetized sheep in which a solution 
of the fatty acids was introduced over a 24 hr period while the sheep was 
feeding normally and later over a shorter period following a 24 hr fast. The 
results are shown in Fig. 1. During a control period before the experiment, 
water was introduced into the rumen at the same rate and quantity as the 
fatty acid solution, in order to study the normal feeding variation of fatty 
acid. The sheep were fed 1 lb. hay at 7.30 a.m. and 4 p.m., and 0-5 lb. con- 
centrates at 11 a.m. Zero time in Fig. | is immediately before the feeding of 
hay at 7.30 a.m. In Expt. 1 the solution introduced was a mixture of redistilled 
fatty acids. In Expt. 2 a mixture of fatty acids and their Na salts (pH 5-8) was 
introduced. 

Both experiments show that the continual introduction of either free fatty 
acids or a buffered solution of fatty acids and their Na salts into the rumen, 
although causing a considerable increase in the fatty acid concentrations when 
compared to the control period, did not increase it outside the range that 
can occur in the rumen under normal feeding conditions (Phillipson, 1942; 
Schambye, 1951; El-Shazly, 1952). In both experiments a rise in the con- 
centration of fatty acids occurred towards the end of the period of introducing 
the acids. The rate of introduction in the first experiment was 45 m.equiv/hr 
and in the second 55 m.equiv/hr. These quantities superimposed upon the 
fatty acid produced as a result of the fermentative processes within the rumen 
were too great for the sheep to tolerate indefinitely, and if continued would 
clearly have given rise to abnormally high concentrations in the rumen. An 
abrupt rise in total fatty acid occurred in the first experiment on introducing 
the fatty acid solution into the rumen during fasting. The rumen became 
very acid and the sheep showed signs of discomfort. A similar, but smaller 
rise, was observed in the second sheep which received a solution of fatty acids 
and then Na salts buffered to pH 5-8 during the fasting period. 
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The most interesting features of these experiments were the proportions of 
acid in the rumen. The data for both experiments are given in Table 4. The 
composition of the solution of acids introduced in the first experiment was 


Expt. 1 
Feeding: 60 ml. H:O/hr Feeding: 45mi. Fasting: 45 mi. 
20 
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> 
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Time (hr) 
Expt. 2 
Feeding: 60 mi. H:O/hr Feeding: SSmi.vta/hr Feeding Fasting: SS ml. v.tA/br 
18F 
12- 
8 10F 


m.equiv V.F.A/1 
@ 
AN 


0 3 6 9 12 15 18 21 24 27.30 33 36 39 
Time (hr) 
Fig. 1. The concentrations of total volatile fatty acids (v.¥.4.) and individual acids in the ramen 
liquor of sheep during feeding and fasting when water or a solution of the fatty acids (v.F.s.) 
containing 1 m.equiv in 1 ml. is introduced into the rumen. @—@, V.F.4.; O—O, acetic 
acid; @---@, propionic acid; x---x, butyric acid. Expt. 1: The fatty acid solution 
contained acetic 38%, propionic 27% and butyric 35%. Expt. 2: The fatty acid solution 
contained acetic 43%, propionic 21% and butyric 36%. 


38 : 27 : 35 expressed as a percentage of the total molecules for acetic, propionic 
and butyric acids respectively. The proportion of butyric and propionic acids 
increased during the feeding period but butyric acid remained the smallest 
fraction in-the rumen. It rose, however, to 29% of the total during fasting. 
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During feeding and fasting the proportions of acids tended to move towards the 


composition of the mixture introduced, showing that it contained rather too 
much of the higher acids. 


TaBz 4. The changes in total volatile acid, pH and individual acids during periods in which 
& fatty acid solution or water was introduced into the rumen continuously during feeding or 
fasting conditions 


Total % of total 
volatile acid pH of r A 


Treatment of sheep Hours Propionic Butyric 


— with introduc- 0 6-4 6-4 68 19 13 — 
tion of 60 ml. water/hr, 24 6-6 6-4 68 19 13 — 
with intro- 30 118 5-8 62 23 15 _— 
duction of 45 m.equiv 39 11-9 5-4 59 24 17 — 
fatty acid/hr, 24- 48 18-3 4-8 53 24 23 — 
intro- 6-9 65 23 12 
uction m.equiv 0- 63 24 
acid/hr, 99— 114 19-3 4-0 48 23 $9 
Expt. 2 
Feeding with intro- 6 10-1 6-1 65 23 10 
duction of 60 ml. 16 9-1 6-2 61 21 16 2 
water/hr, 0-24 hr 
Feeding with intro- 24 76 6-5 65 20 12 
duction of 55 m.equiv 30 15-1 6-4 63 20 16 1 
poy acid/hr, 24- 40 17-8 60 20 18 
Introduction of 48 113 6-4 65 21 12 2 
acids, food swailatle 
Fasting} with intro- 96 2-6 71 67 20 13 0 
duction of 55 m.equiv 105 78 6-5 55 21 24 0 
fatty , 
105 hr 
Feeding 124 70 6-1 65 23 12 2 


* The sheep was fed between 48-72 hr and food was withheld from 72 hr until the end of the 
iment. 
Food was withheld from the 52nd to the 105th hour. The sheep was then fed. 


In the second experiment the proportion of acetic acid in the solution 
introduced was increased and the proportions were 43 : 21 : 36 for the three 
acids. During the 16 hr feeding period the proportion of the acids in the 
rumen remained remarkably constant, but during the shorter fasting period 
the proportions again shifted towards those of the solution introduced, 
although the changes were not so pronounced as in the previous experiment. 


DISCUSSION 


These experiments do not contradict the earlier work of Danielli et al. (1945) 
and Gray (1947, 1948) that the rate of disappearance of free fatty acid from 
the rumen increases with the length of the hydrocarbon chain, and they 
provide useful information on the quantitative significance of this fact when 
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physiological concentrations are maintained in the rumen at a pH of 5-6-6-5. 
Considerable emphasis has in the past been placed upon the influence of pH 
on the rates of absorption of these acids from the rumen: these experiments 
show that concentration has an even greater influence on the quantities of 
individual acids disappearing from the rumen. Acetic acid was absorbed in 
greatest quantity owing to its concentration and although butyric and, to 
a less extent, propionic acids were absorbed at rates that were relatively more 
rapid than acetic they were not absorbed in greater quantity. Our general 
conclusion is that the quantitative order of absorption from the concentrations 
usually present in the rumen of both anaesthetized and unanaesthetized 
cannulated sheep at a pH of 5-6-6-5 is as follows: acetic > butyric > propionic, 
a result predicted by Danielli et al. (1945) from calculations based on data 
available for hay-fed sheep. 

Recently Gray & Pilgrim (1951), from a comparison of the ratios of these 
three acids in the rumen of sheep fed wheaten and lucerne hay, concluded that 
propionic acid had the greatest relative rate of absorption and that the relation 
of butyric and acetic acids differed for the two different rations they fed. The 
ratio of any two acids to each other depends upon their respective rates of 
production and of absorption. Considering the diverse nature of the sub- 
strates present in fodders such as these, it is probable that short chain fatty 
acids are produced at differing rates in the rumen; in addition, as the con- 
centrations of the acids in the rumen changed so the rates of absorption almost 
certainly varied, for there is evidence to show that this is so when acetate is 
present in the rumen (Masson & Phillipson, 1951; Parthasarathy & Phillipson, 
1953). The interpretation of a ratio based on two variables can only be tentative. 

The quantities of acids absorbed in these experiments appeared to be 
influenced by the presence or absence of Krebs’s bicarbonate saline gassed 
with carbon dioxide while the apparent absorption of these acids from the 
rumen of fasting sheep was less than from feeding sheep. The studies of Gray, 
Pilgrim, Rodda & Weller (1952) showed that rumen bacteria can cause the 
transmutation of C in the carboxyl groups of acetic and propionic acids to 
butyric and valeric acids respectively. Even so, the changes in activity which 
they found do not suggest that this could not account quantitatively for 
the results found in these experiments, in which 45 and 55 m.equiv acid/hr 
were introduced into the rumen of sheep. If, in the light of Pennington’s work 
(1952), one makes the assumption that absorption of these acids is related to 
their metabolism by the rumen epithelium, it is possible to suppose that the 
absorption can be altered or inhibited by the flow of other substrates from the 
rumen that are not fatty acids, and the possible role of inhibitors cannot be 
overlooked. The only sure way at present available of determining quanti- 
tatively the rate of absorption from the rumen is the use of the isolated rumen 
of the anaesthetized sheep. The method devised by one of us (W.H.P.) of 
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comparing the results of acute experiments with those obtained in un- 
anaesthetized sheep is a useful check in relating the one to the other, and 
demonstrates that the use of pentobarbitone as an anaesthetic does not 
radically alter the normal course of events. 

The experiments emphasize the importance of butyric acid. Taking the mean 
absorption rate for the acute experiments—acetic 32, propionic 18, and 
butyric 23 m.equiv/hr—and converting these values to kilogram calories we 
find that of the total energy of 25-3 kcal/hr, 6-7 are represented by acetic 
acid, 6-6 by propionic acid, and 12-0 by butyric acid. The proportion of 
butyrate reaching the venous blood stream is small in comparison to the 
proportion in the rumen (Kiddle, Marshall & Phillipson, 1951). Metabolism 
of butyric acid by the rumen epithelium (Pennington, 1952) and the production 
of ketone bodies by these tissues therefore is of considerable physiological 


significance. 


SUMMARY 


1. The quantities of acetic, propionic and n-butyric acids absorbed from 
physiological concentrations of these acids in the rumen of anaesthetized 
sheep at pH 5-6—6-5 and in the presence of Krebs’s bicarbonate saline solution 
and carbon dioxide were in the order of acetic > butyric > propionic acids. 

2. The rate of absorption of these acids was influenced by the presence of 
Krebs’s bicarbonate saline and carbon dioxide. 

3. The quantities in which these acids disappeared from the rumen of 
feeding sheep, as far as could be judged by the constancy of their relative 
proportions, were in the same order. 

4. The rate of disappearance of acetic, propionic and butyric acids from 
the rumen of fasting sheep was slower than from feeding sheep. 

5. Butyric acid forms the largest source of energy in the form of fatty acids 
absorbed from the rumen. 


This work was done while one of us (W.H.P.) was holding a Fulbright Travel Grant from the 
U.8. Educational Commission. 
We wish to thank Mr L. E. Vowles for assistance during the course of these experiments. 
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MEASUREMENTS OF OXYGEN CONSUMPTION IN 
SMOOTH MUSCLE 


By EDITH BULBRING 
From the Department of Pharmacology, University of Oxford 


(Recewed 20 March 1953) 


This work was undertaken to study the relation of smooth muscle activity to 
its oxygen consumption. Previous observations on oxygen usage of plain 
muscle have been summarized and reviewed by Lovatt Evans in 1926, and 
they have been little amplified during the period up to 1944 when the subject 
was once more reviewed by Fischer. The observation that no increase of 
oxygen consumption occurred during tonic contraction, except perhaps during 
its onset, was discussed by Lovatt Evans who showed (1923) that in fact plain 
muscle used more oxygen in the relaxed state than in the tonic state. Bayliss 
(1928) pointed out that if ‘tone’ were increased by hanging a weight on the 
muscle (Cohnheim, 1912) an augmentation of oxygen consumption resulted, 
but increasing the tone isotonically by means of a drug (Lovatt Evans, 1923) 
led to a diminution in oxygen usage. Bayliss explained these changes in 
oxygen consumption by relating them to changes in fibre length: diminution 
of oxygen uptake occurred together with a reduction in fibre length, and 
augmentation of oxygen uptake with an increased length. All these con- 
siderations apply to isotonic conditions. Measurements of oxygen consumption 
in isometric conditions have not been made hitherto. Brocklehurst (1926) and 
Winton (1926) found a relation between the initial length of smooth muscle 
and the development of tension produced by drugs or by electrical stimulation. 
Bozler (1930), who measured heat production in isometric conditions, showed 
that in unstriated muscle maintenance of tension required continuous energy 
expenditure, though this proceeded at a much slower rate than in striated 
muscle, 

Smooth muscle, as pointed out by Lovatt Evans, is highly extensible, and 
there appears to be no strict relationship between length and tone, spontaneous 
activity often causing fluctuations of both around an equilibrium. The extent 
to which the effect of a drug depends on the condition of the smooth muscle 
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preparation at the moment the drug is applied is very great. The purpose of 
this investigation has therefore been to study the metabolic conditions pre- 
vailing at the moment of drug application, and to see how far they determine 
the muscle response. | 

Davies & Brink (1942) devised a polarographic method for measuring, with 
micro-electrodes, the local oxygen tension in physiological fluids surrounding 
tissues. With this method it is possible to measure oxygen consumption in 
a smooth muscle preparation, isolated from the body, enclosed in a small 
respirometer while it is bathed in a modified Krebs solution and spontaneously 
active. Fresh solution can be supplied intermittently or continuously, its 
composition can be changed, drugs can be added and washed away, and 
reversible effects can be studied. This method has therefore been adopted to 
make the observations to be described, recording simultaneously oxygen 
consumption and mechanical changes in strips of intestinal muscle. 


METHOD 


The smooth muscle preparation used was the guinea-pig’s taenia coli, a narrow strip of longitudinal 
muscle found on the surface of the colon. The guinea-pigs were anaesthetized with urethane. 
A suitable length of taenia, 2-3 cm, was dissected from the underlying circular muscle coat. It is 
possible to do this leaving the large blood vessels intact, but the underlying circular muscle layer 
may be damaged and thus, as histological examination showed, occasionally a nest of ganglion cells 
of Auerbach’s plexus may be included. The muscle strip, about 1-1-5 mm wide and less than 1 mm 
thick, was then put inside a small respirometer (see Fig. 1, 4) which was placed in a glass dish (C) 
filled with Ringer’s solution, containing 8-4 g NaCl, 0-44 g KCl, 0-28 g CaCl, per litre distilled 
H,0. The glass dish was placed in a constant temperature bath kept at 37° C. 

The respirometer was made on the same principle as that described in detail by Larrabee, 
Ramos & Bilbring (1952) and consisted of a Perspex block (A) through which a longitudinal 
channel of 1-6 mm diameter was drilled; the total length varied in several respirometers from 
4 to 6 cm according to the method employed. One end of the channel was closed by a stopper (B), 
the other end opened into the Ringer bath (C). One end of the muscle strip was tied to a platinum 
loop carried by the stopper, and a thread, fixed to the other end of the muscle, was passed out of 
the channel and around a pulley (D) to either an isotonic or an isometric lever by which the muscle 
contractions were recorded on a smoked drum. 

The bathing solution was of the following composition. To 1 1. distilled H,O was added 7:8 g 
NaCl, 0-35 g KCl, 0-165 g NaH,PO,, and 1-37 g NaHCO,. When this solution had been saturated 
at 37° C with a gas mixture of 95% O, and 5% CO,, 1-4 ml. 20% CaCl, solution, 1-0 ml. 1% 
MgCl, solution and 1-4 g dextrose were added. After passing through a small glass warming 
coil (#), this solution entered the muscle chamber from below through a very narrow hole at the 
extreme stoppered end of the channel and flowed out of the open end into the bath. 

The oxygen concentration in the solution was measured by the polarographic method described 
by Davies & Brink (1942). A platinum micro-electrode (F), lying inside the respirometer chamber, 
is maintained at a low negative potential in respect to a calomel half-cell which has a fluid con- 
nexion (@) with the Ringer bath. The reduction of oxygen which takes place at the tip of the 
platinum cathode causes a current to pass between it and the indifferent anode, and this current 
is directly proportional to the oxygen concentration in the fluid. The current was measured as 
a voltage drop across a fixed resistance, suitably amplified to be recorded by a Chopper Bar 
Recorder (Elliott Brothers (London) Ltd.) with a dotting interval of 20 sec. 
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The coating of the electrode tip. As described by Larrabee et al. (1952) the tip of the electrode, 
after careful chemical cleaning, was dipped into 5 or 10%, solution of collodion in amylacetate, 
and dried in air. This coating helped to stabilize the sensitivity of the electrode and to reduce 
movement artifacts produced by stopping and starting the flow of solution. 

The intermittent flow method. The muscle chamber for these experiments was 4-0 om long and 
a strip of taenia of varying length was inserted. The oxygen cathode was made of platinum wire 
of 25-75 » diameter, sealed into the capillary end (¥) of a glass tube (H) which was then filled 
with meroury to complete the polarizing and recording circuit. The glass tube was held in a brass 
holder (1) which was fixed to a slide in « guide rail on the supporting plate (K) of the chamber. 
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Fig. 1. Diagram of respirometer for intermittent flow method. For description see text. 


At the point where the glass narrowed it was bent at about 90° leaving a straight capillary end of 
about 2-5 om. The result was an L-shaped electrode, the position of which could be adjusted in 
such a way that the capillary was parallel and concentric with the respirometer channel. By moving 
it along the slide rail it was introduced from the open end of the channel until the tip was lying 
half-way inside, just above the central point of the tissue. The muscle strip was thus lying under 
the glass capillary with its thread (L), connected to the lever, coming out of the open end of the 
channel underneath the electrode. When the bathing solution flowed at a rate of about 4 ml./min 
through the chamber past the tissue and the electrode, a constant level of current was recorded. 
When the flow was stopped—and this was done either for 2 min out of every 5 min or for 2 min 
out of every 3 min 20 sec—a drop in current was observed, the rate of which was proportional to 
the rate of drop in oxygen concentration in the fluid. From this the rate of oxygen consumption 
by the tissue could be calculated. The flow was stopped at regular intervals by a relay which 
compressed the inflow tube and opened it again after each 2 min period to restore the oxygen 
concentration in the solution to its previous level. As it was important that the period of measure- 
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ment should start at exactly the same time interval after the flow of solution was stopped, both 
were controlled by a synchronous motor. 7 

The continuous flow method has been described by Carlson, Brink & Bronk (1950) and measures 
the residual oxygen content of the bathing fluid after it has passed the tissue in the respirometer. 
The diameter of the platinum wire for electrodes used in this method was rather larger, 75-100 y. 
A longer muscle chamber was used and the oxygen-electrode lay in the centre of the channel in 
mid-stream of the bathing solution which had passed the muscle. The electrode was introduced 
into the channel only so far that the tip was at a distance of 2-5-3-5 cm downstream from the end 
of the tissue. In calculating the minimum distance at which the electrode has to be placed 
according to the formula given by Carlson ef al, the following differences in experimental conditions 
have been taken into account. The temperature in the present experiments was 18° C higher, 
resulting in a considerable increase of the value for the diffusion coefficient of oxygen. The rate of 
flow used for taenia was 40 times faster than that used for frog sciatic nerve, and it is likely that 
some mixing occurred in these circumstances. Actually, movement of the electrode tip in the 
range of 2-4 cm from the end of the tissue caused no measurable change in oxygen current. The 
rate of flow of bathing solution was in a range of 0-14-0-2 ml./min. This rate of flow permitted 
a satisfactory oxygen supply to the muscle, shown by its unimpaired activity over long periods, 
and it was just sufficiently slow for changes in oxygen concentration to be detected. In order to 
ensure a constant flow, the reservoir was at a height of 50-70 cm above the preparation and the 
solution flowed through a capillary resistance far exceeding the obstruction to flow which might 
occur due to slight movements of the taenia preparation in the respirometer channel. 

In order to record small changes in oxygen concentration the current had to be amplified. 
A counter voltage was applied and the full-scale deflexion of the recorder was used for changes of 
+20% from the initial level. 

The injection of drugs was made into the tube leading from the reservoir to a small drop timer 
(which in the continuous flow method was above the capillary resistance). For each injection 
a fresh dilution was made of a stock solution in oxygenated bathing fluid and the volume of each 
injection was 0-0125 or 0-025 ml. In the intermittent flow method this volume was diluted in 
2 ml., in the second method in 0-5 ml. Thus a given concentration of drug reached the muscle 
slowly, remained in contact with it for 1-2 min, and then was gradually diluted by the inflow of 
fresh bathing solution containing no drug. Sometimes drugs were added to the reservoir and 
@ given concentration then acted for a longer period. 


RESULTS 
Intermittent flow method 
Before each experiment the oxygen electrode was put into the respirometer to 
record the oxygen concentration in the bathing fluid while it was alternately 
flowing through the channel and stopped for regular periods, without the 
muscle preparation present. This served to see whether the calibration 
remained constant and to obtain blank figures, due to a small oxygen con- 
sumption by the electrode itself. This blank was subtracted from all the results 
obtained during the experiment. The weight of the taenia preparations per 
unit length of channel varied according to the degree of stretch. By measuring 
the length in situ, ie. the length of muscle before it was dissected from the 
colon, a weight of 8-10 mg/cm taenia was found. As soon as it was detached 
from the colon it contracted to about half its length in situ. When the muscle 
was pulled into the respirometer chamber and was attached to the isometric 
lever it could easily be stretched to its original length, to 50% more than ite 
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original length, or to as much as twice its length in situ. When the muscle was 
stretched it developed a tension. This tension was, however, not maintained, 
but within 1 or 2 min the muscle strip adapted itself to the new length and 
assumed a much lower tension than that which was recorded at the time of 
stretch. It remained at this lower level, or more usually it showed fluctuations 
in tension, contractions alternating with relaxations, the differences in tone 
amounting to as much as 10g. It was essential for the length of muscle 
included in the respirometer to remain unchanged while oxygen consumption 
was measured, because any shortening might have led to a locally increased 
rate of oxygen consumption which was merely due to the increase in muscular 
tissue per cross-section of the chamber, sampled by the oxygen electrode lying 
beside the muscle. Though such changes of the overall length of the muscle 
were carefully avoided, small sections of the tissue could sometimes be 
observed to move very slightly. However, all results were duplicated by the 
use of both methods, i.e. the intermittent flow and the downstream recording, 
and in many instances the changes observed were in the direction opposite 
from that which might have been simulated by mechanical factors. 

Fig. 2 is a record of an experiment in which the bathing solution was 
alternately allowed to flow through the muscle chamber for 1 min 20 sec and 
was stopped for 2 min, the change repeating itself three times in 10 min. Each 
dot represents the current equivalent to the oxygen tension in the solution 
beside the muscle strip recorded every 20 sec. While the flow is stopped the 
tissue rapidly consumes oxygen and the rate can be calculated from the slope 
of the lines drawn through six successive dots, representing a period of 1 min 
40 sec. The first 20 sec after closing the relay were always disregarded as the 
drop in current was partly due to a movement artifact of the solution and 
consequently larger than that during the five subsequent 20 sec sections. As 
soon as the relay was opened and fresh solution flowed into the chamber the 
oxygen content was restored to the initial level. The muscle tension, seen in the 
lower tracing, was recorded with an isometric lever. It fluctuated spontaneously 
between 3 and 10 g and the records of oxygen consumption during the control 
periods were also irregular. When acetylcholine 10~-* was introduced, reaching 
the muscle just before the flow was stopped, the muscle contracted slightly 
more (to 11-5 g) than during its spontaneous rhythm, and the rate of oxygen 
consumption was increased by 67%, above the average before and after. 
Histamine 5 x 10-7 caused a larger and more prolonged contraction: the peak 
tension was 13-5 g and was accompanied by a 115% increase in oxygen con- 
sumption. Histamine caused a change in pattern of the spontaneous rhythm. 
While the spontaneous rhythm before had been a succession of contractions, 
the muscle tone, after the histamine effect had passed off, was maintained on 
a higher level which was interrupted by a succession of relaxations. _— 
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adrenaline 5 x 10-7 was applied a relaxation occurred and was accompanied by 
a drop in oxygen consumption ; this, however, did not reach as low a rate as 
that which was recorded at the beginning of the tracing. 
The change in the pattern of the spontaneous rhythm and the accompanying 
change in the rate of oxygen consumption which might occur in the course of 
an experiment are shown in Fig. 3. The change was often produced as an after 
effect when the immediate action of a drug had passed off and indicated a 


Hist. Adr. 
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Fig. 2. Guinea-pig taenia coli. Top tracing: oxygen current, intermittent flow method. The flow 
of solution was stopped for 2 min out of every 3 min 20sec. The rate of oxygen uptake 
during these periods is shown by the slope of the lines drawn through the points recorded at 
20 sec intervals. Bottom tracing: isometric record of tension. See text. 


change of the condition in which the tissue was left and which might deter- 
mine the next drug action. The solution was allowed to flow for 3 min in 
between the 2 min periods when it was stopped. Again, lines have been 
drawn through the dots obtained every 20 sec during 1 min 40 sec to show 
the slope at which the oxygen concentration fell. Readings were thus obtained 
every 5 min and each section represents 1 hr 10 min. In the first record (a) of 
the top tracing the spontaneous rhythm consisted of frequent contractions 
alternating with relaxations of similar duration. In the second record (b) the 
periods of relaxation occurred less frequently and they were shorter than the 
periods of contraction. In the third record (c) the tension was at a higher level 
and the relaxations were less complete. Acetylcholine 1-25 x 10-* caused 


OXYGEN UPTAKE BY SMOOTH MUSCLE 117 


contractions in the first two sections, and at the same time nearly doubled the 
oxygen consumption. Adrenaline in the first two sections, in spite of the 
immediate muscular relaxation, produced no change in the rate of oxygen 
consumption until, as an after effect, the muscle assumed a higher tone and 
the oxygen consumption rose to a similar extent as that caused by acetyl- 
choline. Both injections of adrenaline, 5 x 10-7 and 10-*, caused a prolonged 
change in pattern of the spontaneous activity and a sustained higher rate of 
metabolism. In the third section histamine 2-5 x 10-7 was given twice. The 
oxygen consumption was increased further and, after the second dose of 
histamine, adrenaline caused a fall in oxygen consumption. When the effects 
of adrenaline on the tension in the three records are compared, three very 
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Fig. 3. Taenia coli. Top: muscle tension. Bottom: oxygen current as in Fig. 2. The flow 
of solution was stopped for 2 min out of every 5 min. For description see text. 


similar effects are seen; in each instance there occurred an immediate relaxa- 
tion. Nevertheless, only in the third section was this relaxation accompanied 
by a reduction in oxygen consumption. It appeared as if the reduction was 
only seen in a muscle which was in a condition of increased metabolism 
already, either through the effect of histamine, or through change in pattern © 
of its spontaneous rhythm during which the tension at first oscillated between 
4 and 10 g, but later between 7-5 and 10 g. 

The factors which influence the rate of oxygen consumption have been 
further studied in experiments in which the muscle strip was subjected to 
varying degrees of stretch and the action of drugs was tested in different 
initial conditions. 

For this purpose an attempt was made to obtain some figures for the 
absolute oxygen consumption by the tissue. As pointed out earlier, the readings 
obtained with the oxygen electrode give the rate at which oxygen is consumed 
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near the tip, and if, for example, the same piece of muscle which lies beside 
the electrode is stretched to twice its length, only half the amount of tissue is 
present in the unit length of channel. Thus if, by stretching the muscle, the 
actual amount present is changed, it becomes important to express the oxygen 
consumption per weight of tissue. Larrabee e¢ al. (1952) have discussed the 
possible inaccuracies in calculating absolute oxygen uptake from results 
obtained by the intermittent flow method. However, conditions were kept 
constant; the relative position of the electrode and the tissue, and the time at 
which the drop in oxygen content was measured were always the same. The 
following assumptions were made: the initial concentration in the bathing 
fluid was taken to be the concentration in the reservoir, which was kept at 
- constant temperature with a known concentration of oxygen constantly 
bubbling through. The volume from which the oxygen was consumed was 
taken to be that of a unit length of channel, as it was assumed that, with the 
thin tissue used, the concentration of oxygen in the fluid was the same as that 
in the muscle. After calibrating the electrode the drop in oxygen concentra- 
tion per unit time could be calculated per weight tissue from the total weight 
of the tissue and from its length at each period of observation. The readings 
were obtained from sampling periods of 1 min 40 sec duration and though these 
occurred only every 5 min, or, at the best every 3-3 min, the results may be 
taken as an approximation to the absolute oxygen consumption observed. 
In such an experiment a muscle strip which measured 30 mm in situ was 
inserted in the respirometer chamber and attached to an isometric lever. The 
rate of oxygen consumption was determined at three different degrees of 
stretch. When no tension was applied the total length of the strip was 18 mm. 
When it was stretched to 27 mm it adapted itself to this length with a tension 
of 5 g. When it was stretched to 36 mm the tension rose at first to more than 
20 g, then declined to a level of 10 g. The tension was then reduced again and 
the muscle was allowed to assume the previous lengths of 27 and 18 mm 
respectively. At eath length acetylcholine 10-* caused a marked increase in 
tension and in oxygen consumption. At the end of the experiment the muscle 
was weighed (25-6 mg) and the rate of oxygen consumption (at each level) was 
calculated for six control periods and also for the period during which acety]- 
choline acted. The results are given in Table 1. The muscle used for this experi- 
ment showed only little spontaneous activity and its oxygen consumption was 
very low. From Table 1 it appears that there was a direct correlation between 
the length of the muscle and the rate of oxygen consumption, and there was 
also a proportional increase due to activity during the action of acetylcholine. 
The observation indicated that both the development of tension in response 
to stretch and that due to the action of acetylcholine were accompanied by 
changes in oxygen consumption of comparable magnitude. However, in 
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another experiment of this kind, increase in muscle length was not accom- 
panied by a proportional increase in oxygen consumption (Table 2, Expt. B). 
During the control periods, when the muscle was at its length in situ (32 mm) 
and also at 40% more (44 mm) its oxygen consumption was scarcely changed 
though the tension was doubled. On the other hand, the increase in the rate 
of oxygen consumption was proportional to the higher peak tension reached 


Tasxe 1. The effect of different degrees of stretch on the rate of oxygen consumption 


and its increase by acetylcholine 
Initial Mean es six developed in 
tension con During ACh response to ACh 
(g) (mm) periods 10-* 
0 18 202 545 6-8 
5 27 270 735 13-5 
10 36 425 835 17-6 
5 27 238 760 13-5 
0 18 154 386 6-8 


Taser 2. Rate of oxygen consumption in different conditions 


Percentage change 
ul. O,/g/hr adrenaline 
Initial = - By ACh qO, 
tension During - A 
Expt. (g) Céntrol ACh Tension qO, Immediate Later 
(a) Muscles at their length in situ 
A 5 254 748 +170 +195 -15 +1 
B 3 580 980 +116 + 69 +12 + 42 
C 4-6 785 1003 + 86 + 28 ~ 44 + 30 
D 6-10 950 1710 + 75 + 80 -15 + 
(b) Same muscles stretched 
A 10 425 835 + 76 + 96 -31 + 52 
B 6 591 1910 +117 + 223 -12 +157 
Cc 9-10 1405 1820 + 37 + 30 — 28 + 32 
D 9-15 880 2070 + 96 +135 -47 + 12 


in response to acetylcholine: At first the muscle developed 6-5 g tension in 
response to acetylcholine, and oxygen uptake rose to 980 l.; in the stretched 
muscle acetylcholine caused a development of 13-0 g tension and oxygen 
uptake rose to 1910 yl. 

Table 2 shows results obtained in four preparations studied: first, at approxi- 
mately their length in situ; and secondly, when stretched to about half as 
much again. When a muscle strip was stretched to 50-70% more than its 
length im situ its spontaneous activity usually increased, but sometimes 
decreased and the tissue adjusted itself to the new length with the develop- 
ment of a varying degree of tension. The rate of oxygen consumption did not 
change in proportion to the tension developed. Oxygen uptake was sometimes 
doubled, sometimes not altered, sometimes diminished. Acetylcholine caused 
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an increase in tension, which in some experiments far exceeded that developed 
during the spontaneous rhythm but in other experiments did not, causing 
only a slightly larger but more sustained contraction. If the mean tension 
around which the spontaneous rhythm fluctuated was taken as 100, the 
percentage increase reached at the peak of the contraction produced by 
acetylcholine was proportional to the percentage increase in the rate of oxygen 
consumption which varied from +30 to +195%. As the muscle strip was 
pulled out and the response to acetylcholine took place against a higher 
resistance offered by the isometric lever, the oxygen consumption was also 
increased in every preparation and again proportional to the increase in 
tension. A three- to fourfold increase in oxygen uptake may be observed if the 
initial values at the length in situ are taken as basic values. 

The action of histamine was studied in several experiments by this same 
method. The taenia coli is about 5-10 times more sensitive to histamine than 
to acetylcholine and in experiments in which the same effect on tension was 
produced by both substances the increase in oxygen consumption was often 
larger and more prolonged after administration of histamine as shown in 
Figs. 2 and 3. 

The action of adrenaline was more complex. If no tension was applied or if 
the muscle was stretched only slightly, adrenaline had either no immediate 
effect on oxygen consumption, or it increased it slightly, up to 20% above the 
initial value. However, during the following period of measurement, which 
occurred 3-5 min later, the rate of oxygen consumption always rose con- 
siderably (by 50-100%) before it returned to its previous level. This is 
illustrated in Fig. 3. In the last column of Table 2 the percentage change 
produced by adrenaline is recorded in four experiments when the muscle was 
at its length om situ and also when it was stretched further. In every instance 
adrenaline caused a marked relaxation of the muscle and a complete inhibition 
of the spontaneous rhythm, followed by an increase in tone above the initial 
level. The immediate decrease in oxygen consumption accompanying the 
relaxation was often negligible while the late rise was of a similar magnitude 
to that obtamed during the action of acetylcholine applied in the same 
conditions. 

With such a sequence of events the intermittent flow method, giving 
readings only every 3 or 5 min, was not satisfactory and it was therefore 
decided to aim at a continuous record (at least at one reading every 20 sec 
with the recorder available), by downstream recording of the oxygen con- 
centration in the bathing solution after it had slowly passed the muscle strip. 
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Continuous flow method 
Calculations of absolute oxygen uptake at in situ length were made in seven 
preparations using the formula given by Carlson et al. (1950). The results are 
given in Table 3 and they were very similar to the values obtained on seven 
other preparations, in which oxygen consumption was also measured at 
in situ length with the intermittent flow method. 


TasiE 3. Rate of oxygen consumption by taenia coli at its length in situ, ul. O,/g/hr 


Intermittent . Continuous 
flow method flow method 
254 361 
430 470 
455 530 
580 563 
630 607 
785 630 
950 735 
Mean 583-4 556-6 
8.D. about mean 233-0 119-9 
8.E. of mean 87-9 45-3 
| | | 
INV 
ACh ACh ACh Adr. 
2x04 4x10* 4x10* 4x10’ 


Fig. 4. Continuous flow method. Note fluctuations in oxygen current of solution 
(top tracing) closely following those of muscle tension (bottom tracing). 

A continuous record obtained with the continuous flow method over nearly 

2 hr is given in Fig. 4. The mechanical tension is shown in the bottom tracing. 
The oxygen concentration in the solution is the top record; consecutive dots 
(every 20 sec) have: been connected to bring out the changes more clearly. The 
spontaneous rhythmic changes of tension were closely followed by changes 
in the opposite direction of the oxygen concentration in the solution. 20-40 sec 
after the tension started to rise the oxygen current began to fall and continued 
to do so while the tension was maintained on a plateau. As the tension relaxed 
there was again a considerable lag before the oxygen current started to rise, 
and it often reached its highest value only at a time when the next muscle 
contraction started. The result was that, though the tension record reached 
steady periods at low and high levels, the oxygen concentration oscillated 
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between two extremes but, during the spontaneous rhythm, almost never 
reached a steady state. Two spontaneous contractions preceding that due to 
a small dose of acetylcholine were maintained for several minutes and a more 
sustained drop in oxygen current occurred, representing a spontaneous 
increase in oxygen consumption by the tissue, which was of the same magnitude 
as that due to acetylcholine. Two larger doses of acetylcholine produced 
effects which, both in development of tension and in the extent to which the 
oxygen concentration of the solution dropped, exceeded the range of oscilla- 
tion produced by the spontaneous thythm. Adrenaline produced a relaxation 
of the muscle accompanied by a rise in oxygen current above the normal 
range, and, as an after effect, the usual increase in tone and drop in oxygen 
current. 

It is interesting to note that the changes in oxygen consumption produced 
by the spontaneous rhythm appeared to be more gradual and thus lagged 
behind the changes in tone more than they did if the changes in tone were 
produced by a drug. One might speculate that the spontaneous changes in 
tone were the result of changing asynchronous activity in different parts of 
the muscle strip while the effect of the drug was exerted on every part of the 
tissue simultaneously. No steady state was reached and no calculation of 
absolute oxygen uptake was made in this experiment. The tension oscillated 
spontaneously between 5 and 12g, and the rate of oxygen consumption 
fluctuated in the same proportion. 

Downstream recording of oxygen concentration in the fluid which has 
passed the muscle made it possible to study conditions with an isotonic lever 
allowing the ‘muscle to shorten. Lovatt Evans showed in 1923 that oxygen 
usage of plain muscle was higher in the relaxed state than it was in the 
tonic state. In Fig. 5 the top tracing shows muscle movements recorded with 
an isotonic lever of 1 g weight, the bottom record represents the oxygen 
concentration in the bathing solution. A drop in this level indicates, as in 
Fig. 4, an increased rate of oxygen consumption and a rise reflects a reduction. 
When the muscle lengthened due to the effect of adrenaline the first result, 
as the muscle started to relax, was an increase in oxygen consumption. This 
was interrupted by a short return to the original level followed by a prolonged 
increase to an almost steady level though the relaxation had passed off. When 
the lever was weighted with 5g a further increase in oxygen consumption 
followed, but this soon passed off, though the muscle continued to relax. When 
now the previous dose of adrenaline was repeated it had the opposite effect to 
the first; it decreased the oxygen consumption though it relaxed the muscle 
even further than before. A dose of acetylcholine caused a small but prolonged 
contraction accompanied by a marked increase in oxygen consumption, 
amounting to 100% at its peak. Thus, both the extension of the muscle by 
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5 g weight and the contraction caused by acetylcholine against this weight 
produced an increase in oxygen uptake. The difference between the two 
effects was, however, that the muscle adapted itself to the extended state and 
oxygen consumption returned to its previous level, while the increment in 
oxygen uptake during the acetylcholine effect lasted as long as the contraction 
was maintained. When this had passed off the 5 g weight was removed and the 
muscle started to shorten again, at the same time it developed a lively activity. 
Probably as a result of this spontaneous activity the oxygen consumption did 


Adr. +5 Adr. ACh =5 . ACh 
107 weight 107 10* 10+ 


Fig. 5. Top tracing: isotonic record of muscle movements. Bottom tracing: oxygen content of 
bathing fluid, downstream recording. Note reversal of adrenaline effect on oxygen uptake 
after weighting the lever. For detailed description see text. 


not return to the previous low rate but increased further. Finally, acetyl- 
choline caused a large contraction, but contrary to its first effect it only 
momentarily increased the oxygen consumption, and then returned to the 
same level as before, though the muscle contraction was maintained. 

A second example further illustrates the complexity of factors determining 
oxygen consumption in isotonic conditions. Relaxation of the muscle was 
produced by adrenaline and by weighting the lever, the order in the first 
example being reversed. In Fig. 6 it is clearly seen how in response to 
weighting the lever the relaxation of the muscle after the initial stretch 
proceeded asymptotically. At the same time the oxygen concentration in the 
bathing fluid, after the initial drop, returned gradually to the initial level. This 
sequence of events might be explained by the stretch augmenting the oxygen 
consumption but, as the spontaneous activity ceased and the muscle adapted 
to its new length, the oxygen consumption declined again. A very small con- 
traction in these conditions, elicited by acetylcholine, in fact caused an increase, 
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while a still smaller relaxation due to adrenaline caused a decrease in oxygen 
consumption, When the weight was taken off the tissue became more active 
and its oxygen uptake returned to the initial level. Acetylcholine now caused 
a much larger contraction, yet there was no significant change in oxygen 
current, while the changes produced by adrenaline closely followed the changes 
in tone. Detailed observation revealed: first, that the process of relaxation 
was accompanied by increased oxygen consumption ; secondly, that the oxygen 
uptake then diminished rapidly while relaxation persisted; and thirdly, that 
this diminution long outlasted the return of muscle tone, which, as seen in 
most experiments, assumed a rather higher level than before though the 
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Fig. 6. Top: downstream record of oxygen content by continuous flow method. Bottom: 
isotonic record of muscle movements. 


spontaneous activity was still inhibited. Observations such as those given in 
the two examples show that any changes in tone may be obviated by changes 
in length and vice versa. When acetylcholine was administered while the 
isotonic lever was weighted, the muscle had to contract against 5 g, but the 
shortening was prevented to a certain extent and oxygen consumption rose. 
On the other hand, when acetylcholine was given while the lever was not 
weighted the muscle could shorten and a large contraction was produced but 
only very little or no increase in oxygen consumption ensued. Similarly, when 
the muscle relaxed in response to adrenaline the first effect on oxygen con- 
sumption was a rise; then oxygen uptake diminished rapidly while the muscle 
was still relaxed, presumably because the spontaneous rhythm was inhibited. 
On the other hand, when the muscle was already pulled out by a weight, 
adrenaline caused a fall in oxygen uptake in spite of further relaxation. 
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Adrenaline probably did so because it diminished the tension which the muscle 
exerted against the pull of the lever. 

The experiments in isotonic conditions indicated that changes in oxygen 
consumption were the result of two factors acting in opposite direction, 
i.e. Changes in muscle length and changes in muscle tension. For this reason 
further experiments were performed in isometric conditions. Brocklehurst 
(1926), who studied the effect of histamine on the cat’s ileum, has pointed out 
that in plain muscle a slight increase in initial length results in a greater 
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Fig. 7. Taenia coli. Top: isometric muscle record. Bottom: continuous downstream record of 
oxygen content in bathing solution. Muscle stretched from 21 to 30mm. Note that in- 
crease in tension produced by stretch as well as by acetylcholine is accompanied by an 
increased oxygen uptake. — 


development of tension when the muscle contracts in response to a drug. 
When the initial length of the muscle was further increased the tension 
increment of contraction became less. The optimal stretch at which the largest 
tension was developed varied widely. Fig. 7 shows an experiment in which 
a strip of guinea-pig taenia was stretched from 21 to 30 mm. To this length it 
adapted itself with a tension of 6 g, and the oxygen concentration in the solu- 
tion fell as the consumption by the tissue rose to twice its previous rate. When 
acetylcholine was injected the contraction in the stretched muscle was much 
larger than before, but the increment in oxygen consumption was about the 
same though, of course, the absolute amount was more. Another muscle 
(shown in Fig. 8) when it was stretched from 19 to 26 mm, which caused 
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a development of 3 g tension, showed only a very transient augmentation in 
oxygen uptake. With further stretch to 30 mm the muscle tension, after an 
initial increase when the isometric lever was raised, returned to the same level 
of 3g. Extension to 38 and 41 mm resulted in an adaptation with 4 and 8 g 
tension respectively. Each time the oxygen consumption fell temporarily and, 
with the muscle adjusting its tension, in each instance returned to the same 
level. Acetylcholine produced progressively smaller contractions accompanied 
by proportionally smaller changes in oxygen usage. Finally, in Fig. 9 a muscle 


(a) 


h 4 | 4 
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Fig. 8. Records as in Fig. 7. Note that the first stretch to 26 mm increased oxygen uptake (a), 
while the muscle adapted ite tension to additional stretch without increasing its oxygen 
consumption (see text). Acetylcholine concentration at each injection 4 x 10~*. 


is shown which, in contrast to the experiment shown in Fig. 7, consumed less 
oxygen the more it was stretched. In response to acetylcholine it contracted 
more at 26 mm than at either 20 or 35 mm, yet its oxygen consumption was 
similar in the first two instances and a prolonged increase occurred in the 
most extended state. In this experiment adrenaline was also tested and gave 
a result which was characteristic for many experiments. At low tension the 
change in oxygen consumption was negligible. At medium tension, as the 
muscle relaxed in response to adrenaline (though it could not lengthen) there 
was an increase in oxygen consumption which was followed by a reduction, 
though these changes were scarcely beyond the normal range. At high initial 
tension, and when acetylcholine had already increased the oxygen consumption, 
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there was a reduction of oxygen usage when adrenaline relaxed the muscle, 
followed by an augmentation before returning to its previous level. 


The effect of eserine 
As the tension which the muscle developed appeared to be the main factor 
governing its oxygen consumption a few experiments were carried out using 
eserine to produce a sustained increase in tone. Five examples obtained with 
the intermittent flow method are given in Table 4. Fig. 10 shows the records 
of the last of these examples. A dose of acetylcholine was given before and 


(a) (b) (c) 
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Fig. 9. Records as in Fig. 7. Note optimum length (6) at which largest increment in tension occurs 
when acetylcholine 4x 10-* is given. Note also that adrenaline relaxation at 26 mm is 
accompanied by increased oxygen uptake, at 35mm by a diminution. Adrenaline con- 
centration 10-*. 
also during the exposure to eserine which was added to the bathing solution 
in @ concentration of 10-°. The large fluctuations in tone produced by 
spontaneous activity were much reduced as the tension was raised by eserine. 
The increase in the rate of oxygen consumption was comparable in extent to 
that produced by acetylcholine but it was sustained. When the injection of 
acetylcholine was repeated in the presence of eserine it produced a further 
increase in tension without further increase in oxygen consumption. The 
contraction, however, gave way to a relaxation, and this was accompanied by 
a reduction in the rate of oxygen uptake. 
Two experiments, in which oxygen uptake was recorded continuously, are 
shown in Fig. 11. The first, (a) and (5), is an example of an augmentation of 
the action of acetylcholine in the presence of eserine. In the second example 
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the action of acetylcholine was reversed by eserine. Before eserine a large dose 
of acetylcholine had a diphasic action in the muscle causing @ short-lasting 
relaxation which preceded the contraction (c); this effect was accompanied by 
increased oxygen uptake. In the presence of eserine which more than doubled 


Tasue 4. The effect of eserine 10-*; intermittent flow method 


Percentage increase above 
mean con 
Expt. no Tension qO, : 
1 50 44 
2 66 82 
3 37 34 
4 98 212 
5 80 178 


Fig. 10. Taenia coli. Top: isometric muscle record. Bottom: intermittent flow method, showing 
rate of oxygen uptake. Note that maintained contracture during exposure to eserine is 


accompanied by maintained higher rate of oxygen uptake. The action of acetylcholine 10~ is 
reversed, 


the oxygen consumption, acetylcholine again produced a diphasic effect on 
the muscle tension (d) the relaxation being predominant, and at the same time 
oxygen uptake was reduced. Fig. 12 shows a more complicated effect both of 
acetylcholine and of adrenaline. The former caused a contraction which, in 
the presence of eserine, was transformed into a diphasic response, a relaxation 
followed by contraction. The effect on oxygen consumption, however, was still 
an increase. The effects of adrenaline on oxygen consumption showed most 
clearly to what extent they depended on the condition of the muscle at the 
moment it was exposed to adrenaline. In (a) the effect of adrenaline was 
negligible. In (6) when eserine 10-5 began to act, a dose of adrenaline, though 
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(a) (b) (c) (a) 
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ACh. ACh 
8x10* 8x10* 


Fig. 11. Records as in Fig. 7. Two experiments showing the action of a small dose of acetylcholine 
(a), potentiated in the presence of eserine (6); and diphasic effect of a large dose of acety!- 
choline (c), reversed in the presence of eserine (d). 


(b) 


ACh Adr. Adr. ACh Adr. ACh Atropine 
10-* 10* 4x10* 10° 4x10* 4x10°* 


Fig. 12. Records as in Fig. 7. The effect of eserine on the action of acetylcholine and 
adrenaline. For detailed description see text. 


PH. CXXII. 9 


> 
4 
8 4 
| 4 
a 
| 
tal 
; 
4 
2 
vi 
j 


130 EDITH BULBRING 


‘t caused muscular relaxation, increased oxygen consumption. Only later, 
when oxygen uptake was very much augmented by acetylcholine, did 
adrenaline cause a diminution. This diminution and the relaxation of tone 
are very similar to those caused by atropine which was given at the end of the 
experiment. A comparison of the action of adrenaline with that of atropine is 


shown in Fig, 13. 


| 


Adr. 
2x 10* 10° 
Fig. 13. Records as in Fig. 7. Comparison of the action of adrenaline and atropine in 
the presence of eserine. 


DISCUSSION 
Changes in the rate of oxygen consumption of smooth muscle were greater if 
measured in isometric conditions than they were in isotonic conditions. The 
reason for this appears to be that in isotonic conditions changes in oxygen 
uptake are determined by two opposing factors: first, the length of the muscle 
fibre; and secondly, its resistance against the extending force of the lever. Thus, 
if a muscle contraction is evoked by acetylcholine and the muscle shortens, 
oxygen uptake is diminished. This diminution is, however, not observed if the 
weight of the lever is such that the muscle has to develop a considerable 
tension in order to shorten. Conversely, when the muscle is stretched by 
weight, its fibre length is increased and more oxygen is consumed. However, 
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by giving adrenaline the resistance put up by the muscle against extension 
can be temporarily abolished and consequently the oxygen uptake can be 
reduced in spite of the increase in length. Lovatt Evans (1926) actually 
defined “tonus’ as the resistance of the muscle to extension. This implies work 
to be done by the muscle; and the results obtained in the present investigation 
indicate that the main factor governing the rate of oxygen consumption is this 
active resistance put up by the muscle to overcome the extending force. The 
active development of tension can be evoked either by stimulating drugs or it 
can be evoked by stretch. 

In isometric conditions the fibre length can be kept constant. Nevertheless, 
the length of a muscle strip relative to its length in situ was no certain guide 
to the rate of oxygen uptake, and this was only in part determined by the 
tone developed in the muscle in response to the stretch. Within certain limits, 
many preparations adapted themselves to varying lengths with only a transi- 
tory rise in tension, which was then readjusted close to the former lower 
tension. The degree of tone which the muscle developed in response to 
extension was unpredictable and spontaneous rhythmic activity further 
modified the rate of oxygen uptake. Thus, this tissue was never in a com- 
pletely steady or ‘resting’ state. Bozler (1948), who observed slow changes in 
resting potential coinciding with slow changes in tension, postulated simul- 
taneous fluctuations in the rate of metabolism to account for the mechanical 
and electrical phenomena. The results obtained by the continuous flow method 
show that such fluctuations in the rate of oxygen uptake do in fact accompany 
spontaneous changes in tension. 

Acetylcholine, and sometimes histamine, was used to elicit contractions 
which passed off quickly and could be repeated. The increase in tension they 
produced depended on the presence of an optimum degree of initial tone as 
described by Brocklehurst (1926) and Winton (1926). The increment in oxygen 
uptake was usually proportional to the degree of tension developed. While the _ 
mechanical and metabolic response of a muscle to stretch varied with each 
tissue’s individual adaptability to extension and with its spontaneous 
rhythmic activity, the response to a stimulating drug showed good correlation 
between tension and oxygen consumption. 

Adrenaline, which always caused relaxation of the muscle, usually followed 
by a prolonged increase in tone, produced an increase in oxygen consumption 
at low initial tension, and a reduction followed by augmentation of oxygen 
uptake when the tension was high. The reduction in oxygen uptake accompany- 
ing the relaxation was often negligible compared with the considerable increase 
which occurred as an after effect together with the higher tone, which some- 
times led to a change in the pattern of spontaneous activity. Bozler’s work 
(1945, 1946) has shown that during inhibition of smooth muscle in the intestinal 
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tract the initiation of impulses does not stop. Rhythmic electrical activity 
continues and its frequency may even be increased though the muscle relaxes 
and all movements cease. It is likely that the electrical activity of the taenia 
coli is similarly stimulated by adrenaline as was described by Bozler for the 
stomach of the dog. If, during the inhibitory phase the ability of the muscle 
to respond is suppressed, while impulses continue to be set up (Bozler, 1953), 
then the after effect can be explained by a return of the muscle to a condition 
in which it will respond to impulses at a time when the frequency of impulses 
is still increased. An investigation of the electrical changes is in progress 
(Biilbring & Hooton, 1953). The action of adrenaline was less dependent than 
that of acetylcholine on the initial tension. It was determined more by the 
previous history, i.e. the reduction in oxygen consumption was chiefly seen 
when there was already a high rate of oxygen uptake as a result of the action 
of histamine or of acetylcholine in the presence of eserine. 

Eserine, when added to the reservoir, produced a prolonged increase in tone 
and a proportional increase in oxygen consumption. The action of acetyl- 
choline on tension and on oxygen consumption was increased when it was 
given in small doses in the presence of low concentrations of eserine. The effect 
of large doses of acetylcholine was reversed by eserine. Adrenaline produced, 
without exception, a muscular relaxation in the absence of eserine as well as in 
its presence. It, nevertheless, increased oxygen uptake, thereby augmenting 
the effect of eserine, in the early stages of its application. This effect can possibly 
be understood by assuming an action of adrenaline on electrical rhythmic 
activity, already affected by eserine, while the muscular response was 
temporarily blocked. In later stages, when oxygen consumption had increased 
considerably as a result of prolonged exposure to eserine, or after a dose of 
acetylcholine, oxygen uptake was diminished by adrenaline, its inhibitor 
action being comparable to that of atropine. 

Calculations of absolute oxygen consumption have been made from the 
records obtained both by the intermittent flow and by the continuous flow 
methods. The range found overlapped that found by Lovatt Evans, but some 
values were as much as three times greater. The reason for this might have 
been that Lovatt Evans used muscles of larger diameter and was not sure 
whether oxygen could diffuse to the core. Secondly, his preparations from the 
intestine contained mucous membrane in addition to muscular tissue. 

The great variation in the amount of oxygen consumed by different prepara- 
tions could be attributed to the varying degree of tension developed by 
different preparations in the experimental conditions and to a similarly 
varying rhythmic activity causing spontaneous departures from the tension 
adopted. As this tension is not stable but may change in the course of an 
experiment, no true ‘resting’ oxygen uptake can be determined. Nevertheless, 
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it has been possible to measure an increase in the rate of oxygen uptake due to 
activity from an established level at a given time. Good correlation was 
observed between increment in tension and increment in oxygen consumption 
on stimulation by a drug such as acetylcholine, histamine or eserine. Under 
these circumstances oxygen consumption sometimes increased to three or four 
times its initial rate and was maintained at this level as long as the increase in 
tension persisted. On the other hand, a diminution in tension during the 
relaxation produced by adrenaline probably involves a more complicated 
mechanism which has to be further investigated. 


SUMMARY 


1, The oxygen consumption of a smooth muscle preparation, the longitudinal 
muscle strip of the guinea-pig’s colon (taenia coli), has been measured. Muscle 
activity was recorded in isometric and in isotonic conditions; the rate of 
oxygen uptake from the bathing solution was measured simultaneously by 
a polarographic method. 

2. Previous observations in isotonic conditions have been confirmed and 
extended. 

3. In isometric conditions, the spontaneous fluctuations of muscle tone are 
closely parallel to fluctuations in oxygen consumption. 

4. Stretch may lead to an increase in tension and to an increased oxygen 
uptake subject to the individual adaptability of the muscle to extension and 
to the ensuing changes in spontaneous activity. 

5. An increase in tension of the muscle stimulated by acetylcholine or 
histamine is accompanied by a proportional activity increase in the rate of 
oxygen consumption. 

6. If a higher tension is maintained, as in the presence of eserine, it is 
accompanied by a similarly maintained higher rate of oxygen uptake. 

7. The diminution in tension produced by atropine is accompanied by 
a reduction in oxygen consumption. | 

8. Adrenaline has a diphasic action which requires further investigation. 

I wish to thank Dr E. M. Vaughan Williams for his help and for the construction of the amplifier 
and Mr O. B. Saxby for his most valuable technical assistance. I am also indebted to Dr H. G. 


Epstein for his advice. I wish to thank the Royal Society for a grant defraying the cost of 
apparatus used for this work. 
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CARDIAC EXTRA SOUNDS IN THE DOG 


By A. W. SLOAN anny MARY WISHART 
From the Institute of Physiology, University of Glasgow 
(Received 9 April 1953) 


Two heart sounds are normally audible during each cardiac cycle in man and 
in other mammals. An additional sound may occur in early diastole (third 
heart sound), in late diastole (fourth heart sound) or during systole. When the 
heart rate is rapid, diastole is shortened and the third and fourth heart sounds 
may be superimposed (summation sound). 

The modern phonocardiograph has been of great value in the study of 
cardiac extra sounds. By reference to a simultaneously recorded electro- 
cardiogram (e.c.g.) or jugular phlebogram it is possible to ascertain precisely 
at what stage in the cardiac cycle the extra sound occurs, a feat which cannot 
be achieved by auscultation. 

The phonocardiogram (p.c.g.) may be either linear, stethoscopic or 
logarithmic (Rappaport & Sprague, 1942). The linear p.c.g. is an undistorted 
record of the vibrations picked up by the chest-piece of the instrument; 
a stethoscopic p.c.g. introduces the distortion produced by a length of stetho- 
scopic tubing, and a logarithmic p.c.g. introduces also the distortion normally 
produced by the human auditory mechanism. 

The effect on the human third heart sound of variations in the rate of venous 
inflow to the heart was studied by Sloan & Wishart (1952, 1953a). On the 
logarithmic p.c.g. the amplitude of the deflexions corresponding to the third 
heart sound was found to vary with the rate of venous inflow to the heart. 

The present investigation in dogs was planned to investigate more fully the 
relationship between the third heart sound and the rate of venous inflow. The 
control of venous inflow was achieved by more direct means than in the human 
investigation and the heart sounds were recorded directly from the surface of 
the heart. Because some of the records showed fourth heart sounds or systolic 
extra sounds the scope of the investigation was widened to include these 
phenomena. 

Previous investigators differ about the incidence of the third heart sound in 
dogs, whether this sound is detected by auscultation or by phonocardiography. 
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Thayer (1908) heard this sound in some of his dogs and observed on the 
exposed heart that the sound coincided with sudden dilatation of the ventricles 
at the beginning of diastole. Melik-Giilnasarian (1932a) heard a very weak 
third heart sound in not more than 4% of dogs by auscultation of the 
praecordium: on auscultation of the exposed heart he heard it in 25% and he 
noted that it occurred during the rapid-filling phase of ventricular diastole. 

With a modification of the original Einthoven string galvanometer, Kyster 
(1911) recorded the third heart sound in dogs when the heart rate was slow. 
Luisada & Mautner. (1943), employing stethoscopic phonocardiography, 
recorded third and fourth heart-sound vibrations from the praecordium in 
some of their dogs. Smith (1944) recorded third sound vibrations with an 
instrument employing a segment-capsule. Dock (1945) reviewed previous 
work and pointed out that the ‘total cardiac vibrations’ recorded by Smith 
did not correspond to sounds since many of the vibrations were below 
audio-frequency. 

Boyer (1942) found that if the third heart sound was not spontaneously 
present in dogs it would appear after rapid intravenous infusion of saline. 
Smith (1944), in a series of seven dog heart-lung preparations, found that the 
third heart sound was diminished in intensity, although still audible and 
recordable when the venous return to the heart was completely arrested by 
occlusion of both venae cavae. The first sound also persisted but the second 
sound disappeared. 


METHODS 


In the first four experiments the dogs were anaesthetized with soluble pentobarbitone, but the 
acceleration of the heart caused by this drug led to its abandonment and these animals were not 
included in the series. Another three dogs were excluded because their weight was below the 
minimum which we set so that our results might be comparable with those of previous investigators. 
The series reported consisted of twelve medium-sized dogs (7-20 kg body weight) of various breeds 
and of both sexes. 

Anaesthesia. The anaesthetic procedure recommended by Luisada & Mautner (1943) was 
employed: morphine (10 mg/kg body weight) was administered subcutaneously followed by 
urethane (1 g/kg body weight) by stomach tube. On this dosage supplementary anaesthesia was 
usually required during the ensuing 6 hr so, in the later experiments, the initial dose of each drug 
was increased by 25%. 

Phonocardiography. The phonocardiograph has already been described in detail (Campbell, Sloan 
& Andrew, 1952): it employs a double-beam cathode-ray oscillograph as the recording device. 
For recording the heart sounds the vulcanite bell of a standard stethoscope chest-piece (2-5 cm 
diameter) was connected by a short length (30 cm) of flexible rubber tubing (8 mm bore) to the 
crystal microphone of the audio-frequency channel of the phonocardiograph. For the reference 
tracing either the electrocardiograph leads (lead 1) or leads from a special phlebograph pick-up 
were connected to the low-frequency channel of the phonocardiograph. The phlebograph pick-up 
consisted of a crystal microphone separated by a thin rubber diaphragm in a Perspex holder from 
a short length of rubber tubing filled with mammalian Ringer’s solution leading to a glass cannula 
in the external jugular vein (Sloan & Wishart, 1953b). Slow intravenous infusion was maintained 
through a side-branch of the jugular cannula. 
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Both stethoscopic and logarithmic p.c.g.’s were obtained. No linear records were made in this 
investigation since attachment of a heavy microphone directly to the heart was not considered 
practicable. A previous investigation on human subjects in which the sounds were recorded from 
the chest wall (Sloan, Campbell & Henderson, 1952) showed that the distortion introduced by 
a short length of stethoscope tubing is negligible. 

We have taken the term ‘heart sounds’ to mean groups of vibrations of audio-frequency 
occurring at the same period in at least three successive cardiac cycles. When the vibrations 
recorded include elements below audio-frequency (as in the stethoscopic p.c.g.) they are referred 
to as ‘heart sound vibrations’. 

Operation. With the animal under general anaesthesia and the hair of the chest clipped very 
short, preliminary p.c.g.’s were obtained from the chest wall in the region of the cardiac apex, 
with the e.c.g. as the reference tracing. A tracheal cannula was then introduced, the chest wall 
was opened, the pericardium incised and the stethoscope bell stitched to the muscle of the right 
ventricle. In the later animals a stethoscope bell was stitched to each ventricle and records were 
taken from either. Loose ligatures were placed round the anterior and posterior venae cavae for 
subsequent occlusion of the venous flow. Respiration was maintained by means of a Starling 
‘Ideal’ pump, which was stopped during recording. 

A cannula was then introduced into the external jugular vein, slow intravenous infusion of 
mammalian Ringer’s solution was commenced and heparin (1000 unite/kg body weight) was 
injected. The jugular phlebogram attachment was fitted to the straight arm of the cannula. 
Subsequently, either the venous pulse or the e.c.g. could be recorded as the reference tracing. 

Logarithmic and stethoscopic preliminary p.c.g.’s were obtained from the exposed heart. 

Experimental procedures. A control record was taken with the instrument set at a suitable gain: 
thereafter, without alteration of the gain, the venous return was reduced by occluding one or both 
venae cavae and a second record was taken. A similar procedure was carried out to show the 
effect of increasing the venous inflow by running Ringer’s solution rapidly into the external 
jugular vein. On each record the amplitude of deflexion for each sound was measured over five 
cardiac cycles and the mean amplitude calculated. The mean change in amplitude with the experi- 
mental procedure was then found and also calculated as a percentage of the original mean 
amplitude. 

Other procedures employed were electrical stimulation of the peripheral end of the divided 
right vagus nerve and administration of digoxin or physostigmine salicylate. One or other of 
these drugs was administered by slow intravenous infusion until appreciable slowing of the heart 
occurred, when p.c.g.’s were obtained. 

At the end of each experiment a post-mortem examination of the heart was performed to 
confirm that the stethoscope bells had in fact been applied precisely over the ventricles. 


RESULTS 
Incidence of cardiac extra sounds 
Vig. 1 shows two preliminary records from the left chest wall at the region of 
the cardiac apex and two records from the exposed right ventricle. The 
incidence of the cardiac extra sounds in the — records is shown in 
Table 1. 

Since the stethoscopic p.c.g. normally shows a continuous series of vibrations 
throughout the period of ventricular systole it is impossible to distinguish 
a systolic extra sound on these records and observations were limited to the 
other heart sounds. 
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Fig. 1. Set of preliminary records from one dog. I and II from the chest wall at the region of the 

cardiac apex; ITI and IV from the right ventricle: e.c.g., electrocardiogram (lead II); Phleb., 
jugular phlebogram; Log. p.c.g., logarithmic phonocardiogram; Steth. p.c.g., stethoscopic 
phonocardiogram ; 1, 2, 3, heart sounds. The sinus arrhythmia observed in the records from 


the chest wall is of course absent in the later records from the ventricular wall taken during 
arrest of artificial respiration. 


Tasie 1. Incidence of cardiac extra sounds in dogs 


Logarithmic p.c.g. Stethoscopic p.c.g. 
0. present 0. present 
animals in = animals in (%) 
Third sound Chest wall 12 l 12 12 100 
R. ventricle 12 1 12 75 
L. ventricle 8 l 12 8 5 62 
Fourth sound Chest wall 12 0 0 12 i) 75 
R. ventricle 12 8 67 12 ll 92 
L. ventricle s 0 0 s 5 62 
Systolic sound Chest wall 12 0 0 — . — 
R. ventricle 12 l 
L. ventricle 8 12 — 


* Impossible to distinguish in the stethoscopic p.c.g. 
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Effects of variations in venous inflow to heart 

Logarithmic phonocardiography. In three cases in which a third heart sound 
was present in the logarithmic p.c.g., occlusion of both venae cavae abolished 
it completely, although the vibrations in the corresponding stethoscopic record 
persisted. Occlusion of both venae cavae abolished the fourth sound in two 
cases where it was originally present in the logarithmic p.c.g. but brought it 
up in a third case where it was not originally present. 

Stethoscoprc phonocardiography. In view of the low incidence of cardiac 
extra sounds in the logarithmic p.c.g.’s, we observed also on stethoscopic 
p.c.g.'s the effect of alterations in the rate of venous inflow to the heart. 

One dog showed a ‘summation sound’ in the control records: this animal 
was excluded from the series since it was impossible to determine how much of 
this extra sound was due to the third sound element and how much to the 
fourth. In the remaining dogs a reduced venous inflow to the heart caused 
a significant decrease in the amplitude of the vibrations corresponding to both 


TaB_E 2, Effect of alterations in venous inflow to heart on amplitude of deflexions 
corresponding to cardiac extra sounds on stethoscopic phonocardiograms 


Reduced venous Increased venous 
return return 
Mean c Mean 
No. of in ampli No.of inam 
) animals ) 
Third sound vibrations R. ventricle ll — 29 10 +9 
L. ventricle 5 —28 6 +18 
Fourth sound vibrations R. ventricle ll — 60 9* - 7 
L. ventricle 5 — 45 6 +24 
* Part of the fourth sound vibrations in one case was off the record so the amplitude could not 


be measured. 


third and fourth sounds recorded from the right ventricle (P<0-001 and 
P <0-02 respectively). The changes in the vibrations recorded from the left 
ventricle were in the same direction and of the same order but the number of 
experiments in which these were recorded was insufficient for the results to be 
significant. 

Increased venous inflow to the heart caused no significant change in the 
amplitude of either third or fourth sound vibrations from either ventricle. In 
one case a systolic extra sound appeared. 

Table 2 summarizes the effects on the vibrations corresponding to the third 
and fourth heart sounds of alterations in the rate of venous inflow to the heart. 
The vibrations corresponding to the first heart sound and those corresponding 
to the second sound were also significantly diminished with the reduced rate 
of venous inflow. An increase in the venous inflow caused no significant change 
in either. 
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Effects of vagal stimulation and of drugs 

In five dogs electrical stimulation of the right vagus sufficient to cause 
cardiac slowing failed either to produce a third or fourth heart sound which 
was not originally present or to alter significantly the amplitude of any 
existing extra sound deflexions in either logarithmic or stethoscopic records. 
A systolic extra sound appeared in one logarithmic record. 

Digoxin. The administration of digoxin to five dogs failed in every case 
to produce a third heart sound on the logarithmic p.c.g. The fourth heart 
sound remained unaltered or absent in four cases and was abolished in the 
fifth. 

Physostigmine salicylate. The administration of physostigmine salicylate to 
six dogs produced a third heart sound on the logarithmic p.c.g. in one case. 
The fourth heart sound remained unaltered or absent in every case. A systolic 
extra sound appeared in two cases. 


DISCUSSION 

Incidence of cardiac extra sounds 
In the present investigation we found a low incidence of the third heart sound 
in logarithmic p.c.g.’s, although the incidence in stethoscopic p.c.g.’s of 
vibrations occurring in early diastole at the time of the third heart sound was 
high. This agrees with previous work on human subjects (Sloan e¢ al. 1952) 
and suggests that the vibrations produced during the rapid-filling period of 
ventricular diastole are mostly below audio-frequency. 

Schiitz (1933), Orias & Braun-Menéndez (1939), Rappaport & Sprague (1942) 
and Luisada (1948) are agreed that atrial systole is normally responsible for 
the initial vibrations of the first heart sound. If there is delayed conduction 
of the ‘cardiac impulse from atria to ventricles the vibrations due to atrial 
systole may become separated from the other elements of the first heart sound 
and constitute a fourth heart sound; but there was no evidence of delayed 
atrio-ventricular conduction of the e.c.g.’s of our dogs although the incidence 
of the fourth heart sound was high. It may be assumed that atrial systole 


causes vibrations which are commonly distinguishable on the p.c.g. although 
they may not be audible as a fourth heart sound. 


Effects of variations in venous inflow to heart 
Owing to the low incidence of the third heart sound on our logarithmic 
p.c.g.'8 we were constrained to study the effect of reducing the venous inflow 
on stethoscopic p.c.g.’s, corresponding approximately to the ‘total cardiac 
vibrations’ recorded by Smith (1944). We found a significant diminution in 
the amplitude of the vibrations corresponding to both third and fourth heart 
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sounds: the third sound was still present in every case but in one case the 
fourth sound was abolished. 

This is evidence in support of the contention of Boyer (1942) and Smith 
(1944) that the third heart sound is due primarily to vibrations of the heart 
wall rather than to sudden floating up of the atrio-ventricular cusps as suggested 
by Gibson (1907) and Bridgman (1915). It seems that the impact of inflowing 
blood on the ventricular wall cannot be the whole explanation as suggested 
by Gubergritz (1926) since the low frequency vibrations persist when the 
venae cavae are occluded. The other factor or factors involved are still to 
seek. 
No significant change in the amplitude of the third sound vibrations was 
observed when the venous inflow to the heart was increased and this is further 
evidence that this sound depends on factors other than the direct impact of 
blood on the ventricular wall. 

It seems unlikely that the first and the fourth sound vibrations are produced 
by similar means because only the latter is significantly reduced when the 
venous return is curtailed. 


Effects of vagal stimulation and of drugs 

Melik-Giilnasarian (1932a) found that moderate vagal stimulation in the 
dog made audible, or augmented, the third heart sound, but strong stimulation 
abolished it. The fourth heart sound was not brought up by vagal stimulation 
(Melik-Giilnasarian, 1932): although atrio-ventricular conduction was slowed, 
the force of contraction of the atria was so diminished that any vibrations 
produced by ‘atrial systole were too weak to be audible. 

The phonocardiographic results in the present investigation do not agree 
with the auscultatory findings of Thayer (1908) and of Melik-Giilnasarian 
(19324, 5), since moderate stimulation of the right vagus sufficient to cause 
cardiac slowing neither produced a third heart sound nor augmented one 
already there. Similarly, no change was observed in the fourth heart sound. 

Digoxin. Luisada & Mautner (1943) found digitalis the most effective drug 
for producing both third and fourth heart sounds. They attributed the 
augmentation of the third heart sound partly to direct stimulation of the 
myocardium and partly to stimulation of the vagus fibres to the heart: in 
the case of the fourth heart sound the effect was thought to be due to 
potential heart block. 

In the present investigation digoxin, administered by slow intravenous 
infusion in large doses, failed to produce any significant change m either the 
third or the fourth sound on the logarithmic p.c.g. The stethoscopic p.c.g. was 
not investigated in this connexion since our object was to produce the 
equivalent of audible extra sounds. 
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Physostigmine salicylate. Although vagal stimulation for a short time was 
ineffective in producing or augmenting cardiac extra sounds it was thought 
that the prolonged vagal action produced by the administration of physo- 
stigmine might be effective. Melik-Giilnasarian (1932a, 6) found that the third 
heart sound was sometimes augmented but not the fourth. We found no 
significant change in either the third or the fourth heart sounds. Although 
physostigmine salicylate was given in sufficient dosage to cause definite 
slowing of the heart rate there was no increase in conduction time from atria 
to ventricles and no delay of ventricular contraction sufficient to allow a 
separate atrial sound to appear. 


SUMMARY 

1. The incidence of cardiac extra sounds in logarithmic and in stethoscopic 
phonocardiograms from the chest wall and from the ventricular wall was 
observed in a series of twelve dogs. 

2. The amplitude of the third sound vibrations was reduced when the 
venous inflow to the heart was diminished or stopped by occluding one or both 
venae cavae; this procedure produced no constant change in the vibrations 
corresponding to the fourth heart sound. 

3. An increase in the venous inflow to the heart caused no significant change 
in the amplitude of the vibrations of either the third or the fourth heart sounds. 

4. Neither electrical stimulation of the vagus nor intravenous administra- 
tion of digoxin or physostigmine salicylate produced cardiac extra sounds in 
cases where these were not originally present or altered significantly the 
amplitude of vibrations which were previously present. 


Our thanks are due to Prof. R. C. Garry for reading the manuscript of this article and to the 
Rankin Medical Research Fund of the University of Glasgow for defraying the cost of the 
investigation. 
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AN APPARATUS FOR THE MAINTENANCE OF A CONSTANT 
WATER LOAD AND THE RECORDING OF URINE 
FLOW IN RATS 


By A. BOURA 8. E. DICKER 
From the Department of Pharmacology, University College, London 
(Received 17 February 1953) 


In most of the methods described for estimation of antidiuretic activities in 
small laboratory animals the necessity of a constant rate of urine flow during 
the control periods has been emphasized. This has usually been ensured by 
repeated oral administration of 3-5 ml. water/100 g body weight whenever 
the rate of urine flow decreased spontaneously. The estimation of the anti- 
diuretic activity was thus attempted while the water load was falling, i.e. 
while the extracellular space fluid and the blood dilution were decreasing. 
This must have had some bearing on the sensitivity of the animal preparation, 
‘ if not on the accuracy of the method. It was therefore thought of interest to 
evolve a method by which a rat would be kept in water equilibrium irrespective 
of its rate of urine excretion, so that injection of test materials should be 
distributed in a comparable amount of extracellular fluid. 


METHOD 


In principle the water load of the rat is kept constant by allowing the urine 
secreted to fill a tube so arranged that when a definite small volume of urine 
has accumulated it actuates an electronic relay which discharges the same 
volume of water from a second tube into the rat’s stomach, and at the same 
time discharges the urine from the first tube. The apparatus resets itself and 
the cycle is repeated with a frequency depending on how quickly the given 
volume of urine accumulates. 

The apparatus is indicated in Fig. 2. The volumes of urine and water are 
‘metered’ by two Perspex tubes X and Y of 1-9 mm internal diameter. Their 
total capacity is 0-13 ml. Platinum electrodes, N and O for X, and P, S and 
Q for Y, are fixed into the lumen (Fig. 1). The height of N or P can be 
adjusted. The volumes are measured by electrodes N and O in tube X and by 
P and S in tube Y. The filling and emptying of the two units X and Y are 
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controlled by telephone relays converted to compress or release fine polythene 
tubing (Schild, 1946) connected to the Perspex tubes. As the rising meniscus 
makes contact with either N or P, the converted relays are closed and 0-1 ml. 
of liquid is trapped in each tube. As urine is excreted it is led to a dropper 
constructed from a No. 14 syringe needle cut short. To ensure drops of 
comparable surface tension, hence of equal volume, the bladder catheter is 


From bladder catheter 


cylinder To stomach tube 


Fig. 1. Urine outflow (X) and water inflow ( Y) ‘meters’. Drops falling from the needle accumulate 
in reservoir R. As converted telephone relay 7' is opened, water flows freely from R into 
Perspex tube X, until the meniscus makes contact with electrode N. T, U, V and W: 
converted telephone relays. N, 0, P, S and Q: platinum electrodes. The height of both 
electrodes N and P can be varied. The volume of ‘urine’ (see text) is ‘metered’ between 
N and O; that of water, between P and 8. 


connected to two Woulfe bottles filled with boiled water, so that the liquid 
reaching the dropper, is water and not urine. The tip of the needle is 15 cm 
lower than the bottom of the rat holder, i.e. of the rat’s bladder. The resistance 
at the tip due to surface tension is 4 cm of water only. There is thus a negative 
pressure of 11 cm of water to aspirate the urine out of the bladder. As each 
drop forms at the tip of the needle contact is made with a platinum electrode 
which closes a circuit in the electronic apparatus. Each drop is registered both 
on an electromagnetic counter and an impulse counter (Thorp, 1948), the 
latter recording on a slow moving drum (speed 2 mm/min) (Fig. 2). 

Drops falling from the needle accumulate in a small glass reservoir, R, 
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connected to tube X (Fig. 1). One converted telephone relay, 7,, is between 
the reservoir R and X, the other, U, on the outflowing polythene tube from X. 
As the reservoir R fills up, relay 7 is open and allows the liquid to fill tube X, 
until the rising meniscus in X makes contact with electrode N. This starts 
three simultaneous operations: first the closing and opening of relays 7’ and U 
allowing the liquid trapped in tube X to be sucked away into a graduated 
cylinder placed in a filter flask connected to a vacuum pump; secondly, the 
recording of this operation by a signal on the drum; and thirdly the opening 
of relay W on the water unit Y, allowing water to run into the stomach of the 
rat. As tube X is emptied, relay 7 opens and relay U closes simultaneously, 
allowing water from reservoir R to refill it (Fig. 2). 


Fig. 2. Assembly of the apparatus as set up for an experiment. 


When the falling meniscus in unit Y reaches electrode S, relays W and V are 
closed and opened respectively allowing tube Y to be refilled from an 
adjoining burette. When water recorder Y has been refilled, water makes 
contact with electrode P, resulting in the closing of the relay V. 

The amount of water delivered by the inflow unit Y must be equal to that 
of urinary plus extra-renal water loss. With a constant urine flow, and a room 
temperature of 21° C the average extra-renal water loss was 3-0 ml./100 ml. 
urine/100 g body weight. The height of the electrode P in tube Y was therefore 
adjusted so that the volume of water delivered was 0-103 ml. for each 0-1 ml. 
of urine excreted. In certain circumstances, e.g. when the rate of urine flow 
was very slow, the extra-renal water loss was responsible for a decrease of the 
water load. To ensure a graphic record of either equilibrium or disequilibrium, 
the rat holder is attached on a balance. The beam of the balance has a length 
of 80 cm and is terminated by a frontal lever writing on the drum (Fig. 2). 
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When the water inflow equals urinary and extra-renal water loss, the recording 
will be a horizontal line; an increase of the extra-renal water loss will result 
in the recording of a slope which can be calculated. The sensitivity of the balance 


permits the recording of changes of weight of 0-1 g (0-1 g=0-75 mm on the 


drum). 
The electronic circuit 
The electronic circuit is a modification of a timer and delay circuit suggested 
by V. H. Attree (personal communication). Its principle is that the time taken 
to charge condenser C, or C, (Fig. 3) is varied both by its own capacity and the 
value of the 2 MQ variable resistance R, or R,. The timer and delay circuits 
are controlled by pentodes energizing post-office 3000 type relays with 


EF 50 


d.c. 


Counter 


Fig. 3. Diagram of electronic circuit. Relays A, B, Z, F and G are post-office 3000 type relays 
with 20,000 Q coils; relay D is a post-office 3000 type with 6000 Q coil. Values for condensers : 
CO, or C, are 8 uF, 2-5 uF and 0-25 pF. 


20,000 Q coils. As the charge on either condenser increases, the voltage on 
the control grid, and hence the cathode current, rises; the relay starts to 
operate closing contacts A, and shorting out the resistance R, (Fig. 3). This 
suddenly increases the cathode current making the relay snap over. The 
energizing of the relay closes A, which discharges the condenser. The resulting 
reduction of the voltage on the control grid de-energizes the relay. All the 
operations which require timing are controlled by contacts on the relays 
(Fig. 3). 
RESULTS 

Fig. 4 shows a typical recording of urine flow during a control experiment 
and the effect of the intravenous injection of 5 .U vasopressin/100 g body 
weight. The horizontal line recorded by the balance indicates that within the 
limits of +0-1 g no significant changes in the water equilibrium of the rat 
occurred. 
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Fig. 4. Effect of an intravenous injection of 5 .U/100 g vasopressin on urine flow of a rat. 
A, signal indicating each 0-1 ml. urine. Note regularity of urine flow, before and after the 
injection. B, Thorp impulse counter tracing. C, time in minutes. D, weight line recorded 
by balance. At arrow injection of 5 ~.U vasopressin/100 g body weight (volume: 0-1 ml.). 
Note that change in weight produced by injecting 0-1 ml. has been recorded. 


SUMMARY 


An apparatus for recording the urine flow of rats while maintaining a constant 
water load has been described. 


One of us (8.E.D.) is indebted to the Medical Research Council for a grant which defrayed part 


of the expenses of the apparatus. 
Our thanks are due to Miss J. Nunn for her help. 
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A METHOD FOR THE ASSAY OF VERY SMALL AMOUNTS 
OF ANTIDIURETIC ACTIVITY WITH A NOTE ON THE 
ANTIDIURETIC TITRE OF RATS’ BLOOD 


By 8. E. DICKER 
From the Department of Pharmacology, University College, London 
(Received 13 April 1953) 


The most sensitive of the published tests (see Table 1) for estimating antidiuretic 
activity are those of Jeffers, Livezey & Austin (1942) on the anaesthetized rat, 
and of Heller & Blackmore (1952) on the non-anaesthetized mouse. The 
sensitivity of the rat preparation was 20 uU/rat, that of the mouse about 
10-50 »U/10 g. Both these groups of observers estimated the antidiuretic 
activity while the water load was declining and the blood concentration was 
correspondingly increasing. The method described below is a development of 
that of Jeffers et al. (1942), differing from it essentially in keeping the water 
load of the rat constant. Each dose of the test material is thus distributed 
in the same volume of extracellular fluid. 


TaBLE 1. Assay methods for posterior pituitary antidiuretic activity 


Test animal Water load Anaesthesia Sensitivity Authors 
Dog Twice, 250 ml./dog None 0-25-05 mU/dog Theobald, 1934; 
Samaan, 1935 
Dog (hypo- 100 ml./dog None 0-2-0-3 mU/dog Hare, Melville, 
physectomy) Chambers & 
Hare, 1945 
Rabbit by Paraldehyde 0-5 mU/rabbit Walker, 1939 
25 ml. of 20% and Morphine+ 0-2-0-3mU/rabbit Fugo & Aragon, 
50 ml. 0-9% NaCl urethane 1947; Lindquist 
intravenously & Rowe, 1949 
Rat 5 ml./100 g None 2:3 mU/100 g Burn, 1931 
3 times 5 ml./100 g None - 4mU/100g Ginsburg, 1951 
2-5 ml./100 g followed by = None 0-5-1 mU/100g Ham & Landis, 
5-0 ml./100 g 1942 
5 ml. of 12% alcohol/100g Alcohol 0-02 mU/rat Jeffers ef al. 1942 
followed by 3 ml./100 g : 
Mouse 1 ml./mouse intra- None 40 mU/mouse Glaubach & 
peritoneally Molitor, 1932 
5 ml./100 g intravenous None 20 mU/10 g = & Woods, 
3 times 5 ml./100 g None 0-010 mU/10 g Heller & Black- 
more, 1952 


Where not specified, water was administered in oral doses. mU =milliunit. 
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METHODS 

Experimental procedure. Female rate (body weight about 200g), deprived of food for 18 hr 
but allowed free access to water, were given an oral dose of 5 ml./100 g of tepid water followed 
45 min later by 5 ml./100 g of a 12% ethanol solution. While the rat was in alcohol anaesthesia, 
the bladder was catheterized and the bulk of it tied off so as to decrease its dead space, and an 
external jugular vein was cannulated with polyethylene tubing. When the urine excretion 
reached 3-4 ml./100 g body weight, a second oral dose of a 2% ethanol solution 3-4 ml./100 g 
body weight was given by stomach tube which was left in situ. Occasionally, owing to depression 
of normal reflexes by ethanol, the second dose was partly aspirated in the lungs; there was 
little or no diuresis in such animals, and some of them had to be discarded (Ames & van Dyke, 
1952). When the rat had excreted a further 2 ml. urine/100 g and ite water load (water load = amount 
of water administered minus that of urine excreted) was about 8 ml./100 g body weight, it was 
placed in a holder attached to a balance (Boura & Dicker, 1953). The jugular vein was connected 
to a set of three syringes (one tuberculin syringe containing 0-9% (w/v) NaCi solution, and two 
‘Agla’ micrometer syringes filled with the standard and unknown solutions) and the bladder 
catheter and the stomach tube connected respectively to the outflow and inflow mechanism of the 
apparatus described previously (Boura & Dicker, 1953). This ensured the recording of urine 
flow and the maintenance of a constant water load. The rat was fed with a 2% ethanol solution, 
not with water. To cancel out extra-renal water losses, the stomach inflow mechanism was adjusted 
to deliver 0-103 ml. for each 0-1 ml. of urine excreted. The experiment was conducted in a thermo- 
regulated room kept at 23° C. : | 

Drugs. Pitressin (Parke, Davis and Co.) solutions were used throughout for the estimation of 
the antidiuretic effects. 

Definition. mU =milliunit; micro-units («U)=activity of 10-’ ml. of Injectio Vasopressini 
B.P. 


RESULTS 


With a water load of about 8 ml./100g the rate of urine flow remained 
remarkably regular for hours. For instance, in a rat of 205 g the rate of urine 
flow remained unchanged (within a range of + 10%) for 5 hr at 0-25 ml./min. 
Neither intravenous injections of 0-1 ml./100 g of 0-9°% (w/v) NaCl solution 
(Fig. 1) nor external disturbances such as noises of various intensity, squeezing 
or prodding or even cutting off the tip of the tail, had any significant anti- 
diuretic effect. 


Intravenous injections of known amounts of vasopressin 

Between the time of injection and the onset of an antidiuretic effect there 
was a mean time lag of 2 min. Magnitude and duration of antidiuretic 
responses were correlated with amounts of vasopressin injected. Repeated 
injections of similar amounts of vasopressin at intervals of 50-60 min produced 
comparable antidiuretic responses (Fig. 2). When given at shorter intervals, 
however, they resulted in tachyphylaxis (Fig. 3). The lowest dose of vaso- 
pressin which had a significant antidiuretic effect was 3-5 U/100g. The 
highest dose which had a discriminating effect was 50 ~U/100 g (Fig. 4). 

Quantitative estimation of an antidiuretic effect. In the calculation of the 
antidiuretic potency of a solution, the actual duration of the effect was not 
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taken into account; it was replaced by an empirical time factor of 10 min. 
The antidiuretic potency of a solution was calculated as follows: number of 
drops (or of 0-1 ml.) of ‘urine’ (Boura & Dicker, 1953) excreted (a) in the 
10 min lasting from the 8th min before to the 3rd min after the injection, and 
(5) in the 10 min lasting from the 3rd to the 13th min after the injection. The 
antidiuretic potency («) being expressed as: 


100, 
a 


where a and 6=the number of drops (or of 0-1 ml.). 


Fig. 1. Effect of intravenous injections of 0-9% (w/v) NaCl solution. At (1), 0-3 ml.; at (2) 0-6 ml. 
There was no antidiuretic effect. Rat weight, 325g. S, signal marking each 0-1 ml. urine 
excreted. W, weight line recorded by balance (note that each injection had an effect on the 
weight of the preparation); 7’, Thorp impulse counter; M, time in minutes. 


As an example, values for « in a rat injected with 10 »U vasopressin/100 g 
were 62 and 59; in another rat injected with 20 and 30,U/100g, values 
for « were 38 and 29 respectively ; while in a third rat injected with 5 ~U/100 g, 
a was 78 (Fig. 2). 

Values for « in twenty rats which had received sixty-five injections of 
amounts of vasopressin varying between 3-5 and 50 1U/100 g (Fig. 4) show 
first that the antidiuretic response increased linearly with the logarithm of 
the dose; secondly, that the comparable amounts of vasopressin produced 
comparable responses («) irrespective of whether the injections had been given 
in the same or in different animals. 
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As all rats showed a comparable antidiuretic response when injected with 
comparable doses of vasopressin, the approximate antidiuretic potency of an 
unknown solution could be read from Fig. 4. For instance, a solution which 
reduced the urine flow by about 40% («=60) had an antidiuretic potency of 


Fig. 2. Antidiuretic effects produced by intravenous injections of vasopressin. S, signal marking 
each 0-1 ml. of urine excreted. 7’, Thorp impulse counter; M, time in minutes; W, weight 
line. A, rat, 255 g. Two injections of 10 .U vasopressin/100 g in the same animal given at 
an interval of 50 min. The rate of urine flow increased after the effect of first injection was 
over. Drops, 16/0-1 ml. _ B, rat, 275 g. At (1), 20 1U vasopressin/100 g. At (2), 30 uU vaso- 
pressin/100 g. Drops, 12/0-1 ml. The rate of urine excretion was higher than in rat A. 
C, rat, 230g. At (1), 5 ~U vasopressin/100 g. Drops, 8/0-1 ml. 


about 10U vasopressin/100 g. The actual assay, however, consisted of the 
injections of four doses, two of the standard and two of the unknown, the 
ratio, high to low dose, being the same for standard and unknown. Fig. 5 
represents graphically the results of such an experiment: the regression lines 
relating the values of « to the logarithm of the doses of standard and unknown 
were parallel. 
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Estimation of the antidiuretic potency of serum and plasma of rats. Rats 
hydrated with 5-0 ml. water/100g body weight were anaesthetized with ether, 
chloralose or ethanol. Blood was taken 60~70 min after water administration 
by severance of the head and was thus mainly arterial. Two doses of 
heparinized plasma or serum (1-0 and 0-5 ml./100 g) were injected into the 
test animal and the responses compared with those of two dilutions of standard 
solution of vasopressin. In contrast with what had been observed after 


Fig. 3. Repeated injections of 10 u4U vasopressin/100 g, showing tachyphylaxis. Time interval 
between injections: 30 min between (1) and (2), 17 min between (2) and (3). The third 
injection had no antidiuretic effect. S, signal marking each 0-1 ml. of urine excreted; 
7’, Thorp impulse counter; M, time in minutes; W, weight line. 


subcutaneous injections (Dicker & Ginsburg, 1950), there was no difference 
between the effects produced by plasma or serum. During ether anaesthesia 
the antidiuretic potency of systemic blood serum was equivalent to between 
100 »U and 200 .U vasopressin/ml. In chloralose anaesthesia the antidiuretic 
potency of serum or plasma was between 20 and 30 »U vasopressin/ml. During 
alcohol anaesthesia, however, no appreciable (i.e. less than 3-5 ~U/ml.) anti- 
diuretic activity could be detected in either plasma or serum (Fig. 6). These 
results agree with those of Ames & van Dyke (1952). 


DISCUSSION 
Some of the well known and best tried methods for estimating small amounts 
of antidiuretic activity are given in Table 1. It shows that in non-anaesthetized 
laboratory animals the sensitivity of the preparation depends mainly on their 
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degree of hydration: for instance, the sensitivity of rats to vasopressin 
increases tenfold when their water load is increased from 5 ml./100 g (Burn, 
1931) to 15 ml./100 g (Ginsburg, 1951). The same obtains in mice (Nelson & 


car 


ol 


3 5 10 2 5060 
vasopressin 
Fig. 4. Log dose-response regression line giving values for « (= antidiuretic effect; see text) after 
sixty-five injections in twenty rats. Ordinate: values for a. Abscissa: log doses of 
(»U/100 g). Note that there was no differential effect between 3 and 3-5 ~1U/100g and 
between 50 and 60 »U/100 g. 


Woods, 1934; Heller & Blackmore, 1952). This could be explained if the 
greater dilution of body fluids produced a moré complete suppression of the 
level of endogenous posterior pituitary antidiuretic hormones. It is curious 
to note that in spite of this observation none of the authors attempted to 
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a 
5, 
60 
U, 
Sr 
30 Ur 
5 10 20 


vasopressin 
Fig. 5. Abscissa: log dose in micro-units of vasopressin. Ordinate: antidiuretic effect, a. S, and 
S, are the responses for the low and high doses of standard. U, and U, are the responses 
for low and high doses of unknown. Estimated potency ratio was 1-38; the actual potency 
ratio was 1-40. 


Fig. 6. Injections of serum from rate killed under ether or ethanol anaesthesia. Rat, 200 g. 
(1) 0-2 ml. serum from a rat killed under ether anaesthesia; (2) 0-8 ml. serum from a rat 
killed under ethanol anaesthesia. S, signal marking each 0-1 ml. of urine excreted ; 7, Thorp 
impulse counter; M, time in minutes. 
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maintain a constant water load in their preparation and were, as a matter of 
fact, estimating antidiuretic potency while the blood dilution was decreasing ; 
that is while the endogenous posterior pituitary antidiuretic hormone might 
have been exerting its normal effect. 

In this series of experiments, the effect of ethanol was added to that of 
a constant water load. According to van Dyke & Ames (1951), ethanol 
suppresses the excretion of endogenous antidiuretic hormone. The fact that 
no antidiuretic activity was found in the systemic blood of rats anaesthetized 
with ethanol would confirm that hypothesis. It was shown, however, by both 
Eggleton (1942) and van Dyke & Ames (1951), that in man as well as in dog 
the diuretic response to the administration of one dose of ethanol disappeared 
when repeated doses were given. In the present series of experiments where 
the rats were continuously fed with ethanol the rate of urine flow remained 
regular for several hours. 

O’Connor (1950) reported that in one of his hypophysectomized dogs the 
same dose of vasopressin always had the same effect. This, however, was not 
so in the other dogs. In a series of twenty rats investigated the antidiuretic 
responses to the same dose of vasopressin were not only similar in the same 
animal, but in all animals. 

In contradiction with Dicker & Ginsburg’s (1950) findings Ames & van Dyke 
(1952) have shown that plasma of rats killed in ether anaesthesia had a marked 
antidiuretic potency. Ames & van Dyke’s (1952) findings have now been 
confirmed. The contradiction between previous (Dicker & Ginsburg, 1950) and 
present findings can be explained by the difference in the methods of assaying 
and in the sensitivity of the preparations. Dicker & Ginsburg’s (1950) rats 
were injected subcutaneously, and the assays estimated during a falling water 
load ; the maximum sensitivity of their preparation was 400,.U vasopressin/100g 
(Ginsburg, 1951). In the method now used the injections were given intra- 
venously, and the water load was kept constant; the maximum sensitivity was 

SUMMARY 

1. In rats under ethanol anaesthesia and kept with a constant water load, 
the smallest dose of vasopressin injected intravenously which had an anti- 
diuretic effect was 3-5 ~U/100 g body weight. The largest dose of vasopressin 
which had a differential effect was 50 .U/100 g. 

2. Similar antidiuretic effects were obtained with comparable amounts of 
vasopressin, whether injected in the same or in different animals. There was 
a linear relationship between antidiuretic effects and log doses of vasopressin 
injected. 

3. A means for calculating the antidiuretic titre of unknown solutions has 
been described. It allows the estimation of the antidiuretic potency by 
& four-point assay method. 
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4, The antidiuretic potency of blood plasma (or serum) of rats killed under 
ether, chloralose or alcohol anaesthesia have been estimated and expressed 


in terms of vasopressin. No antidiuretic activity could be detected in rats 
killed 1 in alcohol anaesthesia. Some antidiuretic activity (about 30 .U vaso- 

pressin/ml.) was found in blood of rats anaesthetized with chloralose; while 
blood of rats in ether anaesthesia contained up to 200 4U vasopressin/ml. 
plasma. 


I want to thank Miss J. Nunn for her technical skill and her constant help. I am indebted to 
the Medical Research Council for a grant defraying part of the expenses of this investigation. 
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RESPONSES OF THE TRAPEZOID BODY TO ACOUSTIC 
STIMULATION WITH PURE TONES 


By 8. HILALI anp I. C. WHITFIELD 
From the Department of Physiology, University of Birmingham 
(Received 13 April 1953) 


A number of studies of electrical activity in the central auditory pathways 
have been carried out. These have, in the main, been performed with ‘clicks’ 
or other impulsive sounds as stimuli, though some experiments have been 
made using pure tones. The early experiments were carried out using gross 
electrodes, so that records were made from a group of fibres or cells. Records 
of such responses were obtained by Kemp, Coppée & Robinson (1937) at 
several levels in the pathway. The first study of single units was made by 
Galambos & Davis (1943) in the central end of the auditory nerve. These 
responses were originally thought to be from single primary fibres, but sub- 
sequently the discovery of aberrant cells in the central end of the auditory 
nerve suggested that the records may possibly have been from second-order 
cells (Galambos & Davis, 1948). 

Studies of the activity from single cells in the cochlear nucleus (Galambos, 
Rose & Hughes, 1951), the inferior colliculus (Thurlow, Gross, Kemp & Lowy, 
1951), and the medial geniculate body (Gross & Thurlow, 1951; Galambos, 
1962) have also been made. However, these experiments do not throw a great 
deal of light on the transformations which the primary nerve impulse pattern 
undergoes at various levels, since the exact functional point on the pathway 
within each nucleus is unknown. 

The object of this work has been to attempt to record the impulse patterns 
in the single fibres in the trapezoid body, which constitute the efferent pathway 
from the cochlear nucleus, and by comparing them with the input pattern 
observed by Galambos & Davis (1943) to try to assess the nature of the 
transformation effected by the cochlear nucleus as a whole. The records of 
Galambos & Davis, even if they do not precisely represent the activity in 
single primary units, presumably give a very close approximation to it, since 
the scattered cells in the nerve cannot involve a very high degree of transforma- 
tion of the input. . 
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The inability of a purely mechanical hypothesis, such as that of Helmholtz, 
to account for the very high subjective frequency discrimination of the ear has 
long been realized and commented upon. The experiments of Galambos & 
Davis (1943) confirmed these doubts in that they showed that the response 
curves for single units were comparatively wide—much wider than would be 
required to account for the subjective findings (at least in man). It seems 
likely therefore that the subjective result must be obtained by an integration of 
the responses produced by a considerable portion of the peripheral mechanism, 
and that much of the analysis is therefore carried out neurally rather than 
mechanically. This, too, has been widely put forward under the guise of the 
‘higher centres’ ‘recognizing’ the stimulus from the input pattern, and 
reached one specific form in Gray’s (1900) principle of maximum stimulation. 
No indication is ever given as to how, or even where, such ‘recognition’ takes 
place, although it is usually implied that it is at a cortical level, the complex 
pathways below serving simply to ‘relay’ the primary pattern essentially 
unchanged. Our experiments have been conducted with a view to commencing 
the study of the nature of these neural integrations, and specifically to 
determining the transformations, if any, which take place within the cochlear 
nucleus. 

METHODS 

The majority of the cats used were anaesthetized with dial (0-6 ml./kg intraperitoneally). In the 
remaining few experiments decerebrate cats were employed. The trachea was cannulated and the 
base of the skull exposed by removal of the upper part of the trachea and oesophagus, and of the 
muscles attached to the base of the skull. The basi-occiput was thus exposed and two burr holes 
were drilled with a no. 12 dental burr in the bone with centres 8-9 mm in front of the most 
anterior point of the foramen magnum and as far lateral as possible within the space between the 
tympanic bullae. These points corresponded almost exactly with the attachments of the longus 
capitis muscles. The underlying dura was cut by means of a cautery. In some experiments the 
burr holes were enlarged in a rostro-caudal direction to explore the whole extent of the trapezoid 
body. Excessive exposure, however, led to difficulties through pulsation of the brain stem. The 
recording electrode was inserted through these holes into the brain stem by means of a micro- 
manipulator which could set its position to within about 1». These electrodes were inserted just 
lateral to the cortico-spinal tract and moved along a ventro-dorsal line. In a few experiments the 
electrodes were moved through the trapezoid body in a caudal-rostral direction. This was done 
by removing the ventral part of the medulla on one side and passing a bent electrode forward into 
the cut edge. 

The electrodes used were of saline-in-glass construction, with a tip diameter <2. They were 
attached directly to the grid pin of a cathode follower carried in the body of the micromanipulator. 
An indifferent electrode consisting of a stainless-steel screw was inserted into the bone of the skull 
in the mid-line as far forward as possible. The output was passed by cable to an adjacent room, 
and there amplified by a conventional balanced amplifier. 

The stimulator consisted of a crystal ear-piece (Rothermel Type BH 202) screened to minimize 
pick-up, and attached directly to a speculum fitting into the cat’s ear. The probe tube of a calibrated 
microphone (Standard Telephones and Cables 4034 B) also passed into this speculum and terminated 
within a short distance of the drum to measure the sound pressure thereat; this tube was per- 
manently in place. The ear-piece was fed from an oscillator and attenuator situated outside the 
experimental room, and a portion of the voltage across the transducer was fed back and dis- 
played, together with the response, on a double-beam cathode-ray tube. 
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A box lined with sound-absorbing material could be lowered over the animal to minimize stray 
sound, 

After recording, the brain stems for histological examination were fixed by perfusion with 
formol-saline with the electrode in situ. 


RESULTS 
Structures from which records were obtained 
Records have been obtained both from fibres and from isolated cells within 
the trapezoid body. The form of the responses obtained in the two cases was 
quite similar, but it was readily possible to distinguish between them by the 
behaviour observable during the actual recording. Cells gave responses with an 
amplitude of several hundred microvolts and often of as much as a millivolt. 
Single units could be isolated with electrodes of quite large tip diameter (up 
to 10), and the response was obtained over quite a large range of movement 
of the electrode tip. By contrast, records from fibres did not exceed 100uV 
in amplitude. Single units could only be isolated with electrode tips <2,, 
and even then the amplitude of the background of activity of surrounding 
fibres was an appreciable fraction of the height of the unit recorded. Further- 
more, the range over which a given unit could be picked up was only a few 
micra and many of these fibres were lost spontaneously (presumably by slight 
movements of the brain stem) after some minutes recording. These observa- 
tions were checked by histological examination after the brains had been 
fixed with the electrodes in situ; photomicrographs of examples of the two 
types are shown on Pl. 1. It is noteworthy that although electrodes were being 
pushed through a closely packed mass of fibres it was only comparatively 
rarely that a single unit could be isolated. This, and the fact that a single unit 
can be isolated at all from such a dense mass, suggests that it is only possible 
to record from certain positions on fibres in the central nervous system. It would 
seem possible that such regions would be at the nodes in the fibre (if indeed 
nodes exist in the c.N.s.), and this matter is under investigation. On the whole 
there seemed to be a more frequent occurrence of ‘spontaneous’ activity in 
records from cells than in those from fibres. This might be possibly due to the 
convergence of other, non-auditory, paths upon these cells in the trapezoid 
body. | 
Frequency response of ‘second-order’ uniis 

The range of response of single units was measured by plotting the thresholds 
for pure tones. In most cases each unit had a well-defined ‘characteristic 
frequency’ at which its threshold was lowest, with progressively raised thres- 
holds for frequencies above or below this value. Units having characteristic 
frequencies within the range 800-17,000 c/s have been found. The shape of 
the curves is essentially similar to that found by Galambos & Davis (1943) at 
the afferent side of the cochlear nucleus, and by Gross & Thurlow (1951) and 
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Galambos (1952) at the medial geniculate body (Fig. 1). They appear to be 
rather less regular than those at the lower level but more regular than those 
from levels above. As already reported briefly (Hilali & Whitfield, 1953), those 
units which respond at very low frequencies do not appear to have a definite 
characteristic frequency, but have a more or less uniform threshold from 
100 o/s (lowest frequency tested) up to about 600 c/s, above which frequency 
the threshold commences to rise (Fig. 2). The series of curves obtained bears a 


+84} 


+ 
3 


+ 


+ 


Threshold intensity (db re 00002 dyne/cm*) 
+ 


+ 


+48 4 
1000 


2000 
Frequency (c/s) 


Fig. 1. A comparison of the threshold/frequency curves of units with comparable response range 
at different neural levels in the auditory pathway. ------ , auditory nerve (data of Galambos 


‘Thurlow, 1951). Note: the level of the curve for the auditory nerve has been chosen arbitrarily, 
since no absolute figures are available. 


striking resemblance to the curves for the length of basilar membrane 
stimulated at various frequencies (Békésy, 1944), and similar curves con- 
structed from examinations of histological damage through overstimulation 
(cf. Wever & Lawrence, 1949). While we have found only the two types of 
curve it seems probable that intermediate types exist. Although we have no 
calibration data at high frequencies there is no doubt that the response curves 
at 17,000 c/s are narrower than at 2000 c/s when plotted on a logarithmic 
frequency scale. A similar narrowing is observed in the activity-distribution 
curves. The comparison must not be taken too seriously since we know little 
about the relative units of the scales we are comparing, but if such a com- 
parison is valid at all, we should expect to find very broadly tuned units 
responding in the 600 c/s region. 
PH. OXXtt. il 
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The thresholds of the units were rather high at their characteristic fre-_ 


quencies and varied from +33 to +60 db above 0-0002 dyne/om*. Gross & 
Thurlow (1951) found values at the medial geniculate body covering about the 
same range. Galambos & Davis (1943) do not give absolute figures for their 
experiments so no comparison is possible. There was no difference between the 
decerebrate animals and the anaesthetized animals in respect of the range of 
thresholds. In fact, the two sets of experiments gave identical results in all 
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Fig. 2. Threshold/frequency response curves of typical unite responding in different parts of the 
frequency spectrum. Note the absence of characteristic frequency in the unit responding at 


very low frequencies. | 
Spatial distribution of fibres 

Records were obtained from units responding to stimulation of the contra- 
lateral ear, and from units responding to stimulation of the homolateral ear, 
in about equal numbers, as might be expected. 

The great majority of the units found responded somewhere in the range 
1000-8000 c/s—those above 12,000 or below 800 c/s being comparatively rare. 
Our tendency to find responses mainly in the middle frequencies may be due 
to our approach, though a search was made at the extreme rostral and caudal 
borders of the trapezoid body for extreme frequencies without success. We 
have used electrodes moving right through the trapezoid body both in the 
ventral-dorsal and in the caudal-rostral directions and, although this study has 
not been directed specially towards such a determination, there does not 
appear from our experiments to be any obvious relation between the anatomical 
position of a unit, and its frequency response. Extremely low- and extremely 
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high-frequency responses have been obtained from the middle of the trapezoid 
body, and intermediate frequencies at the rostral and caudal borders, How- 
ever, the complex nature of the decussation would make necessary a much 
more detailed study than we have been able to give before an orderly arrange- 
ment of some sort could be ruled out. : " 


Fig. 3. Responses of single units in the trapezoid body to acoustic stimulation. (a) fibre, stimulated 
with 2600 c/s tone, 16 db above threshold; (6) fibre, stimulated with 12,000 c/s tone, 2l1db 
above threshold; (c) fibre, stimulated with 600 c/s tone, 12 db above threshold; (d) cell, 
stimulated with 300 c/s tone, 12 db above threshold; (e) fibre, stimulated with 6000 c/s tone, 
21 db above threshold; (f) cell, stimulated with 850 c/s tone, 18 db above threshold. a, b, e 
and f are stimulated at their characteristic frequencies; c and d have no definite characteristic 
frequency. Horizontal line represents 0-1 sec in each case. 


Nature of the response pattern 
The two most striking features of the records at this level, when compared 
with the responses at the afferent side of the nucleus, are the much lower mean 
discharge rates for a given stimulus, and the high degree of irregularity shown 
by the intervals between successive spikes (Fig. 3). These points have already 
been referred to in a preliminary communication (Hilali & Whitfield, 1952). 
Some early experiments were directed towards meaou:ug the ‘build-up’ 
and ‘die-away’ times of the discharge when the stimulus was started and 


__ stopped abruptly. The initiation of the tone produces a short burst of spikes 


lasting a few milliseconds, before the discharge settles down to its normal 
pattern (Fig. 4a). There is no measurable after-discharge when the stimulus 


is suddenly stopped (Fig. 45), in fact in those cases where there is ‘ pa rg : 
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activity in the absence of the stimulus, there tends to be a silent period 
immediately following the end of the stimulus (Fig. 5). 

During steady stimulation the mean discharge rate measured over, say, half- 
second periods, is very constant, though there may be some very slight fall 
during the first half-second (apart from the ‘on-effect’ referred to above). 
The short-term variations in rate are very great however. The result of plotting 
the ‘instantaneous’ pulse rate (determined as the inverse of successive pulse 


Fig. 4. Response of an ‘800 c/s fibre’ to stimulation with an 800 o/s tone. 
(a) commencement of stimulation ; (b) termination of stimulation. 


Fig. 5. Suppression of ‘spontaneous activity’ following the termination of a stimulus. 
Cell, 11,000 c/s, The stimulus envelope has been retouched to render it more distinct. 
intervals) against time is shown in Fig. 6. When a logarithmic scale is used the 
maximum deviations from the mean frequency are fairly evenly disposed above 
and below this value. That is to say =/max. XSmin» Where fmean> /max» #04 
Simin. Tefer to the mean, maximal and minimal discharge rates respectively. 
It is perhaps worth noting, in passing, that the frequency components of the 
curve obtained are very similar to those found at a cortical level. The curve 
of Fig. 6 corresponds to a curve of pulse density and could be reproduced by 
integration of the spike voltage with respect to time. We have not yet 
carried out any experiments to test whether there is any significance in this 

coincidence. 
As stated above, most of the units studied belong to the category re- 
sponding to stimulus frequencies above 800 c/s, and having a definite charac- 
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teristic frequency, and the results quoted in this paper are drawn mainly from 
that group. The ‘low-frequency’ units seem to exhibit discharge patterns of 
much the same type (Fig. 3); the impulses are related in phase to the stimulus 


2900 </s +21 db 


Fig. 6. Variation of pulse density with time in single units. The curve is obtained by plotting the 
inverse of the interval between successive pairs of spikes on a logarithmic scale, against the 
time at which it occurs. The dotted line represents the mean pulse rate measured over 1 sec 
intervals. 


Fig. 7. Relation of discharge to the phase of the stimulus. ‘ Low-frequency’ cell, stimulated with 
100 c/s tone, 15 db above threshold, A small fraction of the spike voltage is superimposed 
on the stimulus record (bottom trace) to show the relationship. 


wave-form (Fig. 7), and several discharges per cycle may occur with stimulus 
frequencies below 300 c/s. This may, of course, be due to harmonic distortion 
arising within the ear. Our impression is that mean discharge rates tend to be 
higher than in ‘high-frequency’ units, but insufficient numbers have so far 
been studied to draw a definite conclusion. 


Effect of stimulus intensity variations at the 
characteristic frequency 
The mean frequency of the discharge varies with intensity as happens at 
lower functional levels, but there are a number of differences. As already 
stated, for a given stimulus intensity the mean discharge rate is lower than the 
corresponding rate on the afferent side of the nucleus; furthermore, the range 
of variation of mean rate with intensity is much smaller. Thus Galambos & 
Davis (1943) found that an increase in intensity of the stimulus from 10 db 
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above threshold to 20 db above threshold increased the discharge rate almost 
threefold; a similar increase in intensity only increases the discharge rate in 
our experiments by somewhere between 20 and 100%. A further difference is 
that after a certain level of intensity is reached, the mean discharge rate 
commences to decrease again as the intensity is raised further (Fig. 8). It is 
well-known, of course, that the cochlear response falls off at very high in- 
tensities of the order of 10 dynes/em* (Wever & Lawrence, 1949), but the 
effect we observe takes place at much lower levels. It is interesting to note 
that, although the maxima for different units occur at varying absolute in- 

tensities, each occurs in the region 25-30 db above the threshold for that 
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Fig. 8. Variation of mean pulse rate in four different single units, with intensity of the stimulus. 


particular fibre. Galambos & Davis (1943) found that 30 db above threshold 
was the intensity at which their fibres ‘saturated’, ie. above which no 
further increase (or decrease) in firing rate occurred. The fall is slight and 
may not be significant, but similar falls have been observed by others (Gross & 
Thurlow, 1951), and we have been able to show that, with a mechanism of the 
type postulated below, such a fall could be accounted for theoretically. 

Since at this level the alteration of mean rate with intensity is small, and 
since, in certain cases the mean rate can correspond to more than one in- 
tensity, it would appear that some other parameter of the discharge must be 
significant, in addition to, or in place of, the mean rate. Since there is a 
‘pattern’ of impulses in the discharge (albeit a very irregular one) it seemed 
obvious to try to correlate this with changes in the stimulus. Attention has 
already been drawn to the curves of ‘pulse density’ at constant intensity. 
If the intensity is varied while the frequency is kept constant at the ‘charac- 
teristic’ value (Fig. 9), we observe that the deviations of this curve from the 
mean become larger as the intensity is increased, and that this is still true 
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Fig. 9. Responses of a cell to a stimulus of 11,000 c/s at different intensities above threshold. 
Whereas the mean rate only varies by about 10% over the whole range, the deviation ratio 
increases from 0-69 at 6 db to 1-52 at 18 db. 


Mean Deviation 
24 rate ratio 
12 12 0-16 
6 
4” 
20 19 0-27 
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z 60 +15db 
30 0-32 
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60 
30 0-39 
15 
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0-43 
30 
15 
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8400 c/s Time, 01 sec 


Fig. 10. Variation in pulse density (cf. Fig. 6) with increasing intensity of the stimulus. The 
vertical lines indicate the range of maximum deviation from the mean rate (shown dotted): 
The figures for the ‘deviation ratio’ were obtained by computing the mean value of the log 
—log, m 
deviation of all points from the mean without regard to sign, viz. noe. where 
2 =1/pulse interval, »=no. of such intervals, m=mean pulse rate. It is thus a measure of 
the average, rather than the extreme, deviation from the mean pulse rate. 


beyond the point at which the mean rate is starting to fall again. This increase 
is seen whether we consider the maximum range of deviation, or if we take the 
mean deviation of all points from the mean rate (Fig. 10). 


¥ 
5 
: 
“4 


168 S. HILALI AND I. C. WHITFIELD 


DISCUSSION 

Gold & Pumphrey (1948), in experiments in man, determined subjectively the 
apparent ‘Q’ of the ear at various frequencies. They obtained much higher 
values than would be expected from the known mechanical properties of the 
basilar membrane or those suggested by the response curves of Galambos & 
Davis (1943) in the cat. This is of course merely one aspect of the long-realized 
discrepancy between subjective acuity and the probable capabilities of the 
cochlea as an analyser. 

The results of Gold & Pumphrey (1948) being obtained subjectively, could 
as well be referred to the nervous pathway as to the peripheral receptor 
mechanism, and suggested to us that some form of neural ‘resonator’ system 
might exist, such as a system of closed neuronal rings with different temporal 
properties. Such a system should show after-discharge, and calculation from 
the figures given by Gold & Pumphrey (1948) indicates that this should be of 
the order of 20 msec when a tone 20 db above threshold is suddenly terminated. 
As stated earlier, we could detect no after-discharge of any kind under these 
conditions, or even with louder stimuli, the tendency being rather toward an 
immediate depression. In any case, owing to the low discharge rates, an after- 
discharge of 20 msec has little meaning, since it is less than the average 
interval between two successive spikes at this intensity. Thus a ‘resonator’ 
hypothesis seems unlikely. Further, the observation that the response curves 
of single units do not become sharper, but if anything, tend to broaden as we 
ascend higher in the auditory pathway (Fig. 1) suggests that, on average, a — 
particular fibre at a higher level is certainly carrying no more information, and 
probably less, in virtue of its identity, than a corresponding fibre at a lower level. 
The same sort of consideration applies to the mean discharge rate. Even 
without the complication of the existence of two intensities giving the same 
rate, it is evident that since the maximum mean rate is lower, the maximum 
amount of information which a fibre can carry is less, since it has fewer 
possible states. Unless a considerable proportion of the information available 
at the periphery is deliberately to be sacrificed, this means either that there 
would have to be many times more second-order fibres than first-order fibres, 
or that the information is conveyed in some other way, in addition to, or in 
place of, mean pulse rate. No figures seem to be available for the number of 
efferent fibres from the cochlear nucleus but it appears to be roughly of the 
same order as the number of fibres in the auditory nerve. 

The most striking difference between our results and those of Galambos & 
Davis (1943) lies in the very irregular nature of the response pattern in ‘second- 
order’ fibres. Although the discharges obtained by these authors are themselves 
by no means absolutely regular, the deviations from regularity are of an 
entirely different order in the efferent pathway. Exactly similar results were 
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obtained both with the anaesthetized and decerebrate preparations. Similar 
irregular discharges appear in the records obtained by many workers from 

‘high-order’ units though they are seldom commented upon (e.g. Brookhart, 
Morruzzi & Snider, 1950; Gross & Thurlow, 1951). It is attractive to suppose 
that the additional information-carrying factor may reside in this pheno- 
menon, in the shape perhaps of a pulse density modulation or some similar 
mechanism. Curves showing pulse density as a function of time have already 
been considered, and the increase in the depth of modulation with stimulus 
intensity demonstrated. There is, of course, no proof that this correlation is 
significant for higher levels, but it is at least suggestive. Auto-correlation 
tests on the pulse distributions do not reveal any dominant pulse recurrence 
frequencies, so that it does not seem that pulse position (as opposed to pulse 
density) is among the possible significant variables. When we come to consider 
how such a pattern might be generated it is apparent that the histological 
structure of the cochlear nucleus is well suited to such a function. According 
to Lorente de Né (1933), every auditory nerve fibre entering the cochlear 
nucleus divides in a very regular manner, and establishes contact with some 
hundreds of cells within the nucleus. Unless we assume that several hundred 
times as many fibres leave the nucleus as enter it, there must be a corre- 
sponding degree of convergence; i.e. each efferent fibre must have the inputs 
from very many afferents converging directly or indirectly upon its cell body. 
Now it is generally considered necessary that a number of endings upon a 
neurone must be excited near-simultaneously in order to fire it. Brock, 
Coombs & Eccles (1952) have brought evidence that for anterior horn cells the 
minimum number is about ten. If we have primary nerve fibres, carrying 
trains of impulses at different rates, converging on a second-order neurone, 
only when a given number of pulses happen to coincide will the cell fire. This 
means that the second-order firing rates will, in general, be lower, and the 
pulses will not be evenly spaced. 

Consider the highly simplified arrangement of Fig. 11. Three paths converge 
upon the neurone, which fires when any two pulses coincide. The output 
pattern from the three regular inputs shown, is seen to exhibit non-uniform 
pulse spacing and to be of a lower mean rate. In a real case there are many 
more pathways, the primary impulse trains are not themselves completely 
regular, and the number of coincidences required will depend to some extent on 
the previous firing history of the neurone; the output patterns will therefore 
show much less regularity. In addition, this very simple scheme omits, for 
the present, any consideration of the role of inhibition in the central mechanism, 
and Galambos & Davis (1944) have shown inhibition to play an important 
part, at least where complex stimuli are involved. 

Galambos & Davis (1943) give equal loudness curves for their units. For a 
given intensity, the discharge rate is greatest for a stimulus at the charac- 
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teristic frequency and lower at other frequencies. It follows that at a given 
frequency of stimulation those fibres for which this is the characteristic fre- 
quency will discharge at the highest rate, while those fibres which are being 
stimulated ‘off’ their characteristic frequency will discharge less rapidly the 
greater the difference between their characteristic frequency and the stimulus 
frequency. Thus the discharge/frequency distribution in adjacent fibres will 
depend on the frequency-intensity value of the stimulus, and the pattern in a 
secondary fibre on which these fibres converge will be a function of this 
distribution, and to some extent reflect the whole stimulus. 


Pulse 


111 pulses/sec Max. 110 pulses/sec 
100 pulses/sec >} [{2}—> Mean 28 pulses/sec 
91 pulses/sec Min. 11 pulses/sec 


Fig. 11. Bottom: diagram illustrating the suggested mechanism of pulse pattern formation. The 
efferent cell fibres whenever two afferent pulses arrive simultaneously. Top: uniform dis- 
charges in three related afferents. Centre: efferent discharge pattern produced by the afferents 
above. 


It would appear, therefore, that the patterns of discharge which are observed 
in the second-order pathway are dependent on the distribution of the total 
input patterns, and hence particular second-order pathways contain more 
information than was present in a single primary pathway. If this is so, it 
seems we are witnessing the first stage in the transformation of the peripheral 
stimulus response, into a unique coherent whole from which that stimulus can 
be recognized. 

SUMMARY 


1. Responses have been obtained from single cells and from single fibres in 
the trapezoid body of anaesthetized and of decerebrate cats. 

2. The frequency response of the majority of the units was similar to that 
found in other parts of the auditory system, there being a well-defined charac- 
teristic frequency for each. Units responding at very low frequencies 
(<300 c/s), however, had flat response curves. 

3. No simple relation between frequency response and anatomical position 
of the unit was observed. 

4. The mean rates of discharge, for a given stimulus, were less than at lower 
neural levels and showed a smaller range of increase with stimulus intensity. 
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5. The pulse distribution is much less regular than it is at lower levels, and 


the degree of irregularity appears to be correlated with stimulus intensity. 
6. Itis suggested that the pulse distribution pattern may play an increasing 


part, and other factors less part, in carrying information at higher levels, and 


that this represents a stage in the general integration mechanism used in the 
recognition of a stimulus. 


We should like to thank Dr J. T. Eayrs for his assistance with the histology, and Mr J. Coaton 
for technical help. 
Our thanks are also due to the Royal Society for a grant towards the cost of this investigation. 
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EXPLANATION OF PLATE 


(a) Photomicrograph of needle track in section of trapezoid body of cat, with photomicrograph 
of the electrode tip superimposed to show position in relation to the fibre. 
(b) Photomicrograph of needle track in section of trapezoid body of cat, illustrating recording 
from cell . Silver 
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A METHOD OF DETERMINING THE FORCE-VELOCITY 
RELATION OF MUSCLE FROM TWO ISOMETRIC 
CONTRACTIONS 


By L. MACPHERSON 
From the Physiology Department, University College, London 
(Received 21 April 1953) 


The hyperbolic relation between the developed tension (P) of a muscle and 
its rate of shortening (v) is well established (Hill, 1938, 19494; Katz, 1939; 
Wilkie, 1949; Abbott & Wilkie, 1953). In the characteristic equation, 
(P+a)(v+6)=(P, +a)b =constant, 

P, is the maximum tension developed during a maintained isometric con- 
traction, a and 6 are constants. To determine these constants in the simplest 
way, @ muscle is allowed to contract isotonically with a number of different 
loads, the velocity of shortening being measured for each. The force-velocity 
curve is then plotted and the constants found which provide the closest fit. 
These measurements are independent of the muscle’s series elastic component, 
since its extension is constant at a given load, and the velocity of shortening 
therefore is that of the contractile element alone. 

During an ‘isometric’ contraction the contractile component shortens and 
stretches the series elastic component by the same amount. As the latter is 
stretched its tension rises, so the velocity of shortening gets less according to 
the characteristic relation. By comparing two isometric contractions, one 
with and the other without a known compliance added in series, it is possible 
to calculate (a) the force-velocity relation of the contractile component and 
(5) the tension-extension curve of the series elastic one. The sole assumption 
required is that the velocity of shortening at any moment is a function only of 
the force at that moment. The fact that relations (a) and (6) so derived are 
similar to those obtained by the usual methods is good evidence for the 
assumption, and confirms the conclusion already reached (Hill, 1938, 19496; 
Katz, 1939) that the form of the isometric myogram is uniquely determined 
by these relations. 

METHOD 
The tension developed by a muscle and the rate of change of tension are 
recorded simultaneously throughout the growth of a maintained isometric 
contraction. A similar record is then made with an extra compliance (a small 
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spiral spring) inserted between muscle and isometric recorder. The muscle 
must contract within the range of lengths at which P, is near its maximum, 
and the added compliance must not be so large as to allow the muscle to 
shorten outside that range. It may then be assumed that the rate of shortening 
of the contractile component throughout both observations is a function of 
tension only, and the following analysis can be applied. 

Let P be the tension developed by time ¢ during the growth of a maintained 
isometric contraction, and z the amount by which the series elastic component 
has been stretched by that tension. Since, in an isometric contraction, the 
total length is constant the velocity of shortening of the contractile component 
is dz/dé. But the relation between z and P, determined in a quick release 
(Hill, 1953), does not depend to any important extent on the actual speed of 
release, so that dz/dP is a function only of P: hence dz/dt can be written 
(dz/dP)(dP/dt),, where the suffix 0 refers to the contraction without added 
compliance. When an extra compliance c (cm/g wt.) is introduced between 
muscle and recording system the total extension by tension P is (x+cP), so 
the velocity of shortening is now (dz/dP +c)(dP/dt),, where the suffix c refers 
to the contraction with added compliance. But the velocity of shortening is 
assumed to depend only on the tension P, so at any given P, 


(da/dP)(dP/dt), = (da/dP +c)(dP/dt).. 


Rearranging, this becomes, 
(1) 
dP (dP/dt),—(dP/dt), 


Now (dP/dt), and (dP/dt), can be read off from the records at a series of 
values of P, and dxz/dP can be calculated for each. The velocity of shortening 
dz/dt can then be obtained at every value of P by multiplying dz/dP by the 
observed value of (dP/dt), : this gives the characteristic force-velocity relation. 
By plotting dz/dP against P it is simple by numerical integration to obtain 
the relation between P and z: this is the tension-extension curve. Thus two 
‘isometric’ records, without and with an added compliance, contain in 
principle the whole of these two fundamental relations; but on one assumption, 
that the velocity of shortening depends only on the load. 


Experimental details 

A frog’s sartorius was mounted on a multiple electrode assembly (Hill, 19495) to ensure that 
it was stimulated simultaneously all over. Its tibial end was joined by a light chain to the anode 
shaft of a mechano-electronic transducer (R.C.A. 5734) mounted on the vertically adjustable 
platform of a Palmer stand. The muscle was kept in oxygenated Ringer's solution at 0° C during 
the experiment. By working the transducer with an anode load resistance of 275 kQ and a 360 V 
(dry battery) high-tension supply, a sensitivity of about 0-1 V/g was obtained, the output being 
fed into one of the Y amplifiers of « double beam oscilloscope. The transducer was also connected 
to a small triode pre-amplifier, the output of which was fed, via # series condenser, into the other 
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Y amplifier of the oscilloscope. The condenser, in conjunction with the high input resistance of 
the Y amplifier, provided a differentiating circuit. One oscilloscope beam recorded the tension P 
developed by the muscle, the other the rate of tension change dP/dt. 

The time constant of the differentiating circuit was about 2 msec which was small in comparison 
with the time constant of the tension-time curve under consideration. The efficiency of the 
differentiation was checked by integrating blocks of three or four consecutive differential ordinates 
from a given record (obtained in the manner described below) and confirming that the integral 
bore a constant ratio to the corresponding change in the tension ordinate. 

In order to reduce pick-up by the transducer of mechanical vibration transmitted along the 
connecting chain the whole of the apparatus (including muscle holder and Palmer stand) was 
mounted on a platform separated from the floor by a number of anti-vibration spring mountings. 
The mass of the apparatus was artificially increased with heavy iron weights in order to give it 
a longer natural period and attenuate incoming vibration still further. These precautions were 
extremely effective. | 

Records of the tension and rate of change of tension were obtained by photographing the 
oscilloscope trace while the muscle was being stimulated with alternating condenser shocks 
(time constant =1 msec) separated by 60 msec intervals, The time base was adjusted to give 
a single sweep of about 1-3 sec, so the tension was recorded until after it reached its maximum. 
This procedure was repeated at the same initial length of the muscle with the series compliance 
(c =0-002 cm/g wt.) inserted. The measurements were all made at muscle lengths about equal to 
the resting length in the body, where P, is a maximum. 

_ The beams were modulated with the 50 c/s a.c., the trace consisting of spots at 20 msec 
intervals. This arrangement eliminated the disturbing effect of any mains ripple on the differential 
trace. 

The stimulating circuit was locked to the mains frequency, so the first stimulus was always 
applied in a fixed relation to the timing dots. In consecutive records, therefore, the time spots 
in one could be directly related to those in another: mean values could thus easily be obtained. 
Calculation 

Pairs of records were required which had been made at the same initial 
length of the muscle, one with and the other without the extra series compliance, 
and in which the final tension was the same. For this purpose the initial 
length was varied slightly until a pair with the same maximum was obtained. 
dz/dP was then calculated from equation (1) at a number of tensions P and 
plotted as a function of tension. By numerical integration of the area under 
this curve, the extension of the series elastic component plus that of the 
recording system was calculated at a number of tensions. The extension 
(which was small) of the recording system itself was determined separately 
and deducted. The difference gave the tension-length relation of the series 
elastic body alone. At low tensions the result is rather inaccurate since 
(dP/dt), and (dP/dt), are then small and nearly equal (their difference occurs 
in the denominator of equation (1)): at higher tensions they differ considerably 
from one another and the result is more precise. 

The velocity of shortening was obtained by multiplying dz/dP by the 
_ observed value of (dP/dt),. The result, as before, is more accurate at tad 
tensions. 


A small correction was applied when necessary to allow for the non- 
linearity of the transducer. 
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RESULTS 


The force-velocity curve always emerged with: the expected hyperbolic form. 
In Fig. 1 the solid circles were obtained by calculation from experiment, and 
the curve is the nearest fitting hyperbola. From the values of a and } so 
found, and from P, the maximum tension, a/P, is calculated as 0-18 and b/ly 
as 0-36 sec-*, These are in reasonable agreement with values usually found 
by other methods. 


3 
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| Velocity of shortening (mm/sec) 
Extension of series elastic component (mm) 
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Ti 10 20 30 40 50 
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Fig. 1. @: force-velocity relation calculated from two isometric contractions as described in the 
text, The line through them is the nearest fitting hyperbola. ©: tension-extension relation 
similarly calculated. Frog’s sartorius, 88 mg, |, =30 mm; 0° C. 


The tension-extension curves obtained showed the usual curvature at small 
tensions, gradually becoming linear as the tension and extension increased. 
They compare well with the curves given by Hill for the series elastic com- 
ponent (1950, fig. 1; 1953, fig. 2), becoming linear at about the same point. 
The example (hollow circles) in Fig. 1 is derived from the same experiment as 
the force-velocity relation (solid circles). 
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DISCUSSION 

The fact that the force-velocity curves and the tension-extension curves 
calculated in this way from pairs of isometric contractions are similar to those 
obtained by other methods is indirect evidence for the assumption implicit in 
the calculation that the velocity of shortening is a function only of the load, 
and alters at once when the load alters. The characteristic equation is still 
obeyed, even when the force sustained by the muscle is continuously changing. 

It had been hoped that the experiments might provide a way of determining 
the constants of the characteristic equation with only a minimum of stimu- 
lation. This information could be useful in various investigations, and would 
obviate errors which might be introduced by using accepted mean values of 
a/P, and b/l,. This hope was not fulfilled; the method itself is of interest in 
confirming predictions and assumptions but its results are not reliable enough, 
especially at low tensions. The particular requirement that P, must have the 
same value in the two records used for calculation is not easy to meet without 
several trials, during which the condition of the muscle may change. Possibly 
the method could be usefully employed with human muscles as investigated 
by Wilkie (1949, p. 265): in these, repeated trials can be made with consistent 
results and the initial length can be varied to bring about the equality of the 
maximum tensions with and without the added compliance. Wilkie’s fig. 8 
indeed shows such a pair, from which, if the values of dP/dt could be read 
off accurately enough, the calculations given here could be made. 


SUMMARY 


1. Two fundamental mechanical properties of muscle are (a) the curve 
relating the force exerted to the velocity of shortening of the contractile 
component, and (5) that relating the extension of the series elastic component 
to the force. Both can be derived from a single pair of isometric contractions, 
one without and one with an added series compliance, on the assumption 
that the velocity of shortening depends only on the load. 

2. Experiments show that the relations deduced agree with those deter- 
mined by other methods, and confirm the assumption made. The principle 
might be usefully applied in human muscles. 


My thanks are due to Prof. A. V. Hill for suggesting the method, and to him and to Dr D. R. 
Wilkie for much advice. 
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THE EFFECT OF ADRENALECTOMY, CORTISONE AND OTHER 
STEROID HORMONES ON THE HISTOCHEMICAL REACTION 
FOR SUCCINIC DEHYDROGENASE 


By G. H. BOURNE anp H. A. MALATY 
From the Department of Histology, London Hospital Medical College 
| (Received 22 April 1953) 


A technique for the histochemical demonstration of succinic dehydrogenase 
in tissue sections was described by Seligman & Rutenberg (1951). The 
technique involves the incubation of sections of fresh frozen tissue in a sub- 
strate mixture containing sodium succinate, phosphate buffers and ditetra- 
zolium chloride (blue tetrazolium). The dehydrogenation of the succinate 
results in the reduction of the tetrazolium (which is a hydrogen acceptor) to 
a blue insoluble diformazan which precipitates more or less at the site of 
enzyme activity. Malaty & Bourne (1953) have studied the application of this 
technique to guinea-pig, rabbit, mouse and rat tissues. Seligman & Rutenberg 
(1951) carried out their reaction without taking special anaerobic precautions, 
but Padykula (1952) carried out the incubation in nitrogen and secured a more 
uniform reaction and she also added calcium and aluminium ions to the 
incubating medium in order to activate the enzyme. With these refinements 
of the technique she made a detailed study of the reaction in the organs and 
tissues of the rat. Shelton & Schneider (1952) tested out the usefulness of 
a number of tetrazolium salts for the histochemical demonstration of succinic 
dehydrogenase and found the most satisfactory compound to be neotetra- 
zolium. This compound has been used in the present work and it has been 
found to give extremely reliable results. Leduc & Wislocki (1952) have also 
investigated the distribution of succinic dehydrogenase in a number of tissues. 


METHODS 
Neotetrazolium (pp’-diphenylene-bis 2-3 [3, 5 diphenyl] tetrazolium) was used to study the 
distribution of succinic dehydrogenase activity and the substrate solution used consisted of equal 
parts of (a) neotetrazolium (0-1 % solution), (6) sodium succinate (0-2 solution), (c) m/10-phosphate 
buffer pH 7-5, (d) distilled water. 

Rats were used throughout; they were killed by a blow on the head and tissues were removed 
immediately. The organs used were liver, heart, kidney and cerebellum, and were excised in this 
order in both normal and experimental groups. A small piece of each organ was removed, frozen 
at once without fixation, and sectioned at 304. The sections were dropped straight into substrate 
solution. This process took approximately 5 min for each organ, making a total of 20 min in all. 
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It was found necessary to adhere to a strict order in taking the tissues since it was found that 
there was some loss of activity over this period. The sections were incubated in the substrate at 
37° C for 45 min. A positive result was obtained after 5 min, but incubation for longer than 45 min 
resulted in no further intensification. 

After incubation the sections were fixed in neutral 10% formol-saline for 30 min, washed in 
distilled water, straightened on a slide, dried for a short time on a hot plate and mounted in 
Apathy’s medium. Drying the sections on the slide reduced curling when the mounting medium 
was applied. 

It is difficult to obtain reasonable sections of fresh tissue at a thickness of much less than 30 
on the ordinary freezing-microtome. Accordingly, in some cases 2 mm slices of fresh frozen tissue 
were incubated in the above substrate mixture, fixed in formalin and, since the diformazan pig- 
ment is soluble in alcohol, embedded in water-soluble wax (Carbowax). Sections 10, in thickness 
were cut by a rotary microtome in the usual manner and mounted in glycerine jelly. With some of 
the tissues this thinness permitted more accurate microscopical observation at a cytological level. 

The following experimental groups of male rats were used: three were controls; four were 
injected daily for 4 days with cortisone (8 mg/kg body weight); 21 were adrenalectomized under 
pentobarbitone anaesthesia. Of the adrenalectomized rats 3 were given no treatment, but were 
given normal saline to drink and food ad lib. ; 3 were given daily intramuscular injections of corti- 
sone (8 mg/kg body weight) for 4 days beginning on the 6th day after the operation ; under the same 
schedule 3 were given deoxycorticosterone acetate (10 mg/kg body weight); 3 cortisone and 
deoxycorticosterone acetate (same dosage as above); 3 testosterone (50 mg/kg body weight); 
3 oestrone (5 mg/kg body weight); and 3 progesterone (5 mg/kg body weight). In addition, 
3 animals were given mock adrenalectomy operations, without removal of adrenals, to serve as 
additional controls and were killed after 4 days. 


RESULTS 
Tissues from control rats 

Liver. Under low power (x60) of the microscope a generalized blue 
coloration of the hepatic cells could be seen, which was more intense in the 
peripheral parts of the lobules and which became progressively paler towards 
the central vein. This has also been recorded by Seligman & Rutenberg (1951) 
and by Padykula (1952) (see Pl. 3, fig. 21). 

High-power observation of the cells showed that the blue reaction was 
localized in reds and granules. The rods were longer and more filamentous in 
the cells closer to the central vein. The nuclei appeared to be unstained, 
although in some cases a faint positive reaction was present. | 

In general, the cytoplasmic distribution of the reaction suggested that it 
was localized in the mitochondria. In some cells rather larger masses of blue- 
coloured material were seen, these may have been due to a condensation of 
an unusually large number of diformazan crystals on the surface of the 
mitochondria. 

The intensity of the reaction was approximately equal in two of the controls. 
In the third it was somewhat less and it was observed that this decreased 
reaction appeared to be due to the presence of fewer of the blue granules in the 
cells. Also some diformazan had dissolved in the fat droplets of the liver cells 
colouring them reddish purple. bay 
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Heart. An intense reaction was given by heart muscle. With neotetrazolium 
the reaction in this tissue was at least as strong as that shown by the kidney 
(in which it was very intense). This was not the case using blue tetrazolium 
(Malaty & Bourne, 1953). Also with neotetrazolium the reaction was more 
uniform. High-power observation showed that the deposit was granular. The 
granules were large and in many cases were obviously arranged in @ linear 
fashion. This arrangement suggests that the enzymic activity is located in the 
sarcosomes lying between the muscle fibrils and confirms previous work 
(Watanabe & Williams, 1951) which showed that sarcosomes do in fact, at 
least in insect wing muscle, contain a number of Krebs cycle enzymes and that 
in this respect they are similar to mitochondria. In fact, it is now generally 
recognized that they are mitochondrial in origin. In addition to the granular 
deposit the fibres presented a light pink background (PI. 2, fig. 11). 

Kidney. In all controls the glomeruli were negative, all the rest of the cortex 
was positive and so was the outer portion of the medulla, (A similar result has 
been obtained by Padykula, 1952.) The proximal convoluted tubules gave the 
most intense reaction, but a strong positive reaction was also given by Henle’s 
loop and the distal convoluted tubules. A fainter reaction was given by the 
collecting tubules and in some cases these were negative. Like Padykula we 
found that the positive reaction stopped sharply at about the middle of the 
medulla, the inner half of which was completely negative. An examination of 
the cytological distribution of the reaction showed that the nuclei gave either 
a negative or a very faint reaction. In the cytoplasm the result of the reaccion 
was a deposit of blue granules some of which, in some cells, were arranged in 
a peri-nuclear fashion. In most cells, however, the granules were distributed 
thickly throughout the cytoplasm and, as has been pointed out by Malaty & 
Bourne, resemble mitochondria in form and distribution. In some cells there 
was a deposit of larger masses of diformazan pigment which appeared to be due 
to excessive accumulation of pigment crystals around granular elements in the 
cytoplasm. Pink-stained globules were also found in the tubule cells of some 
rats (Pl. 1, fig. 1). 

Cerebellum. In the cerebellum the white matter was negative and the grey 
matter (both granular and molecular layers) positive (see also Padykula, 1952; 
Leduc & Wislocki, 1952; Malaty & Bourne, 1953). The reaction of the grey 
matter was a diffuse pink, but in addition the cells contained blue granules and 
in some cells there were aggregations of granules around or near the nucleus 
which simulated the Golgi apparatus in form. In the molecular layer some cells 
contained pink-staining globules surrounded by small blue granules and rodlets 
(according to Seligman & Rutenberg, 1951). The pink staining, shown by some 
regions, is said to be due to low enzyme activity and the blue deposit to indi- 
cate regions of high activity (Seligman & Rutenberg, 1951). It is possible that 
some of the colour in this case may have been due to the solution of some of 
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the diformazan pigments in the lipids of the brain; a phenomenon which has 
been recorded by the authors quoted above. The Purkinje cells contained 


a number of dark blue cytoplasmic granules scattered through the cytoplasm 
(see also Leduc & Wislocki, 1952). See Pl. 4, fig. 31. 


Cortisone-injected animals 

Iiver. A great increase in the positive reaction was given by the liver cells 

_ of all experimental animals, particularly at the periphery of the liver lobules. 
Some of the more centrally placed cells seemed to contain a number of 
extremely fine positive blue granules (? microsomes), which were just visible 
under oil-immersion magnification. Some central cells also contained positive 
‘blobs’ which under higher magnification could be seen to be made up of pink- 
stained fat globules surrounded by blue granules and rods. 

The increase of blue colour in the cells appeared to be due partly to increase in 
intensity of positively reacting bodies (? mitochondria) already there and partly 
to an increase in their number. In part the increased colour was due to the re- 
placement of a number of the positive rods by positive granules (see PI. 3, fig. 22). 

Heart. There was a decreased pink staining of the background but there was 
@ great increase in the number and intensity of blue-staining granules. The 
intercalated disks had become completely negative and the linear arrange- 
ment of the granules in the other parts of the fibres was more obvious. In 
this respect they differed from the controls in which some blue granules were 
present in these regions (see Pl. 2, fig. 12). 

Kidney. There was a great increase in the number and intensity of the 
granules in the tubule cells. In many cells they appeared finer. The reaction 
seemed to be particularly intensified in the loops of Henle, but some increase 
was also found in the blue granular deposit in the proximal and distal con- 
voluted tubules (Pl. 1, fig. 2). 

Cerebellum. The reaction was considerably increased both in the generalized 
pink staining in the grey matter and in the number of diformazan granules in 
the cells. There was a great increase in this granular reaction in the Purkinje 
cells. The granules themselves appeared to be of similar size but their number 
was increased by three or four times. There were also more granules in the cells 
of the granular layer (see Pl. 4, fig. 32). 


Adrenalectomized animals 
Liver. Of the three animals used for this experiment one showed a reaction 
more or less equal to the weakest control liver, one was completely negative 
and one gave a slight reaction. The distribution of the positive granules in 
those specimens in which they were present was similar to the controls (see 
Pl. 3, fig. 23). 3 
Heart. The reaction in all three animals was greatly reduced. The reaction 
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was patchy and the granules in the positive patches seemed to be clustered in 
a band around the nuclei. The granules appeared also to be disorientated, that 
is, they were no longer arranged in chains or lines as in the controls (see 
Pl. 2, fig. 13). 

Kidney. The reaction was greatly reduced in the proximal convoluted tubules. 
The distal convoluted tubules, collecting tubules and ascending limbs of 
Henle’s loop were almost completely negative. The descending limbs of Henle’s 
loop still showed a fairly high degree of activity, although the intensity of the 
reaction was reduced here also (see Pl. 1, fig. 3). 

Cerebellum. In two animals the reaction was almost completely negative and 
in the third it was greatly reduced, but certain, deeply lying, large unidentified 
cells were strongly positive. The Purkinje cells were almost completely negative 


(see Pl. 4, fig. 33). 
Mock adrenalectomy \ 

The kidneys and the hearts of these rats gave a normal intensity of reaction, 
but there seemed to be some reduction of intensity in the liver and cerebellum. 
This reduction was in no way comparable with that seen in the adrenalec- 
tomized animals (see Pl. 3, fig. 24; Pl. 2, fig. 14; Pl. 1, fig. 4). 

Injection of adrenalectomized rats with steroid hormones 

The results are summarized in Table 1 and illustrated in Pl. 1, figs. 5-10; 

Pl. 2, figs. 15-20; Pl. 3, figs. 25 and 26; and Pl. 4, figs. 27-30 and 34. 


TaBLE 1. Results of injection of adrenalectomized rats with steroid hormones 
(Note: ‘Normal’ refers to intact, untreated rats) 


Intensity of reaction 
Heart Liver Cerebellum Kidney 
Cortisone Returned to nor- Returned tonor- Increased but did Similar to cere- 
mal, except that mal in two not reach normal _ bellum but still 
intercalated animals, —v level almost negative in 
disks negative so in distal convoluted 
tubules 
Only partial re- Similar reaction § Similarto heart | Almost back to 
storation to nor- to heart muscle muscle normal. Greatest 
mal level increase was in 
that of convoluted 
tubules 
A normal. Almost normal Purkinje cells posi- Appeared normal 
tercalated disks tive. Just 
showed slight normal over whole 
positive reaction of section 


Intensity of reaction in heart muscle, liver and cerebellum showed no increase over 
that of untreated adrenalectomized animals. Kidney reaction was 
below this level 


In all four tissues there was considerable increase of reaction above that of un- 
treated adrenalectomized animals 


In kidney, cerebellum and liver it was about three-quarters normal, in heart about 


half normal, and in kidney proximal convoluted tubule cells the reaction was of 
normal intensity 
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DISCUSSION 

Various workers (Seligman & Rutenberg, 1951; Padykula, 1952; Malaty & 
Bourne, 1953), studying histochemically the distribution of succinic dehydro- 
genase, appear in general to agree concerning the histological and cytological 
distribution of this enzyme activity. Malaty & Bourne are also in agreement 
with Leduc & Wislocki that the Purkinje cells of the cerebellum show a con- 
centration of succinic dehydrogenase activity. 

When changes in enzyme activity of the various tissues (liver, heart, kidney 
and cerebellum) are demonstrated histochemically it is obvious that there are 
many possibilitigs of error in making an assessment as to whether a particular 
experimental tréatment of the animal has or has not had an effect. In the first 
instance the assessment of enzyme activity is by observation not by measure- 
ment, and is therefore largely subjective. However, this was partly overcome 
by assessing the intensity of reaction of the sections without knowing whether 
they were from controls or treated animals and in any case most of the varia- 
tions were so gross that there was little or no doubt of the result. Experimental 
variations, however, still affect the results. It is difficult to cut sections of 
identical thickness on a freezing microtome and the thickness of the sections 
affects the intensity of the colour. However, by studying Jarge numbers of 
sections of each tissue from both experimental and control animals it was 
possible to overcome errors of judgement due to this variation. Precise 
standardization of all other steps in the technique was carried out. 

After assessment of our results, therefore, we concluded that the injection 
of cortisone into intact rats caused an increase of enzyme activity in all four 
tissues examined, even in the intact animal. In the normal heart muscle the 
intercalated disks did not have as much enzyme activity as the other parts of 
the muscle fibres but injection of cortisone into the intact or into the adrenalec- 
tomized animals caused these disks to become completely negative. In the 
liver, cortisone appeared to increase the fineness of the positive reaction within 
the cells. The most noteworthy effect of cortisone in the cerebellum was the 
increase it caused in the reaction of the Purkinje cells. 

Adrenalectomy caused a marked reduction in the succinic dehydrogenase 
activity in all four tissues examined. This confirms the work of Tipton, Leath, 
Tipton & Nixon (1946), who found a decrease of both succinic dehydrogenase 
and cytochrome oxidase activity in rat liver. On the other hand, Stucki, 
Shipley & Meyer (1952) found an increased O, uptake in adrenalectomized 
animals, 8-12 days after adrenalectomy, together with a relative increase of 
succinic dehydrogenase activity. However, there was no evidence in the paper 
that any attempt had been made to see if the adrenalectomies were complete 
and, in any case, our results were obtained 4 days after the operation, com- 
pared with their 8 days. In our results in the kidney it was noteworthy that 
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the greatest reduction of activity was in the cells of the proximal convoluted 
tubules, which in the intact animal are probably the sites of the greatest 
activity. In the cerebellum the almost complete lack of reaction of the 
Purkinje cells in adrenalectomized animals is of interest. The possibility that 
these decreases in enzyme activity in various tissues may have been due to the 
operation and not due to the removal of the adrenals per se was checked by 
mock adrenalectomies. The tendency to reduced intensity of reaction in some 
tissues after such an operation did not appear to be significant. 

Ingle, Nezamis & Morley (1951) have shown that cortisone and 17-hydroxy- 
corticosterone result in increased work performance by adrenalectomized rats, 
and various other workers (including Chiu & Needham, 1950; Leupin & Verzar, 
1950) have shown an increase of carbohydrate metabolism by cortical hormones. 
In this work it has been found that the succinic dehydrogenase activity of liver 
and heart was almost normal, that of cerebellum partly restored to normal 
and kidney not much improved in adrenalectomized rats treated by cortisone. 
Deoxycorticosterone, on the other hand, brought back a good positive reaction 
in the convoluted tubules of the kidney but only partly restored the reaction 
in the other three tissues. The two hormones together brought the intensity 
of the reaction of the four tissues nearly back to normal, but not quite in 
cerebellum and liver. 

Ocestrone depressed the enzyme activity in some cases (particularly in kidney). 
Testosterone had no effect and progesterone brought the reaction intensity at 
least half-way back to normal in all four tissues. The effect of oestrone in 
decreasing the reaction intensity is of interest in view of the fact that synthetic 
and natural oestrogens are known as in vitro inhibitors of succinic dehydro- 
genase, but were not found to have this effect in vivo (Meyer & McShan, 1950). 
Kalman (1952) also found that testosterone had an inhibitory effect on the 
succinic dehydrogenase system of homogenates of rat liver. 

It is appreciated that cortisone and deoxycorticosterone are not necessarily 
the forms in which the gluco-corticoids and mineralo-corticoids are secreted by 
the adrenal cortex, in fact the failure of the two hormones together to bring 
back a completely normal succinic dehydrogenase reaction in all of the four 
tissues examined either supports this conception or suggests that some other 
factor or factors are missing. 

The effect of progesterone in partially restoring the succinic dehydrogenase 
reaction in the tissues examined is of interest in view of the finding (Bourne, 
1939) that progesterone prolonged the lives of adrenalectomized animals, that 
testosterone had no effect and that oestrone shortened their lives. 


SUMMARY 
1. Intramuscular injection of cortisone causes an increase of intensity of 
the histochemical reaction for succinic dehydrogenase in liver, heart, kidney 
and cerebellum of intact rats. 
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2. Adrenalectomy causes a considerable reduction of this reaction in all 
four tissues. 


3. Cortisone, injected into adrenalectomized rats restores the intensity of 
the reaction almost to that found in intact, untreated animals, in heart muscle, 
liver, cerebellum and partly restores the reaction intensity in the kidney. 

4. Deoxycorticosterone acetate injected into adrenalectomized rats pro- 
duces a partial restoration of intensity of the reaction in all four tissues, that 
of the kidney being almost equal to that of the intact, untreated animals. 

5. Cortisone and deoxycorticosterone acetate injected together into 
adrenalectomized rats produce a nearly normal reaction-intensity in all 
four tissues. 

6. In adrenalectomized rats oestrone decreases the reaction; testosterone 


has no effect and progesterone brings the reaction in all four tissues partly 
back to normal. 
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EXPLANATION OF PLATES 


Prats | 
Succinic dehydrogenase reaction in kidney. 

Fig. 1. Normal control (intact, untreated rat). Note negative glomeruli (@.) and granular deposit 
in surrounding tubules. 

Fig. 2. Intact- animal. Effect of cortisone. Note increased intensity of reaction in tubules. 
Individual granules difficult to see. Glomeruli still negative. 

Fig. 3. Effect of adrenalectomy. Note great reduction in reaction. 

Fig. 4. Effect of mock adrenalectomy. Note reaction intensity virtually same as normal. 

Fig. 5. Effect of cortisone on adrenalectomized animal. Note reaction intensity only about half 
that ofnormal. 

Fig. 6. Effect of deoxycorticosterone on adrenalectomized animal. Reaction-intensity about 
two-thirds that of normal. 

Fig. 7. Effect of simultaneous cortisone and deoxycorticosterone on adrenalectomized animal. 
Reaction intensity about equal to that in fig. 6. 

Fig. 8. Effect of testosterone on adrenalectomized rat. Note slight increase of reaction over 


Fig. 10. Effect of oestrone on adrenalectomized rat. Reaction less than in untreated adrenalecto- 

mized rat. 
2 
Succinic dehydrogenase reaction in heart muscle. 

Fig. 11. Normal control (intact, untreated rat). Magnification is too low to show longitudinal 
arrangement of granules. 

Fig. 12. Intact rat. Effect of cortisone. Note great increase in intensity of reaction and negative 
intercalated discs (I.C.). 

Fig. 13. Effect of adrenalectomy. Note very great reduction of reaction. 

Fig. 14. Effect of mock adrenalectomy. Note reaction virtually normal. Longitudinal arrange- 
ment of granules more obvious. 

Fig. 15. Effect of cortisone on adrenalectomized rat. Note reaction as good or better than normal, 

@nd negative intercalated disks (/.C.). 

Fig. 16. Effect of deoxycorticosterone on adrenalectomized animal. Note reaction much less 
than with cortisone (fig. 15) and less than normal. 

Fig. 17. Effect of cortisone and deoxycorticosterone on an adrenalectomized rat. Note reaction 
more intense than normal, and negative intercalated disks (J.C.). 

Fig. 18. Effect of testosterone on adrenalectomized rat. Reaction equal to untreated adrenalecto- 
mized animal (fig. 13). | 

Fig. 19. Effect of progesterone on adrenalectomized rat. Reaction greater than untreated 
adrenalectomized rat (fig. 13) but much less than normal. 

Fig. 20. Effect of oestrone on adrenalectomized rat. Reaction about same as untreated 
adrenalectomized (fig. 13) rat. > 

PLaTE 3 


Succinic dehydrogenase in liver. Each photomicrograph is of a portion 
of a liver lobule and shows a central vein (C.V.). 
Fig. 21. Normal control (intact, untreated rat). Note granular reaction in cells. More intense 
at periphery of lobule. 
Fig. 22. Effect of cortisone on intact rat. Note great increase of reaction particularly at periphery 


Fig. 23. Effect of adrenalectomy. Note almost negative result. Region near central vein 


T 
untreated adrenalectomized animal (fig. 3). 
Fig. 9. Effect of progesterone on adrenalectomized rat. Reaction near normal. 
, completely negative. 
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Fig. 24. Effect of mock adrenalectomy. Reaction intensity approximately normal. 
Fig. 25. Effect of cortisone on adrenalectomized rat. Note reaction intensity practically normal. 
Fig. 26. Effect of deoxycorticosterone on adrenalectomized rat. Reaction negative. 


PLatE 4 
Succinic dehydrogenase reaction in liver and cerebellum. (C.V.=central vein.) 


Fig. 31. Cerebellum. Normal rat. Purkinje cell (P.C.) moderately positive. 

Fig. 32. Cerebellum. Effect of cortisone on intact rat. Note increased reaction by Purkinje 
cells (P.C.). 

Fig. 33. Cerebellum. Adrenalectomized rat. Note Purkinje cells negative. 

Fig. 34. Cerebellum. Effect of cortisone on adrenalectomized rat. Note reaction again in 
Purkinje cells (P.C.). 


Fig. 27. Liver. Effect of cortisone and deoxycorticosterone on adrenalectomized rat. Reaction 
Fig. 28. Liver. Effect of testosterone on adrenalectomized rats. Slight reaction. 
Fig. 29. Liver. Effect of progesterone on adrenalectomized rat. Moderate reaction. 
Fig. 30. Liver. Effect of oestrone on adrenalectomized rat. Negative reaction. 
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PSEUDO-CHOLINESTERASE ACTIVITY IN SECRETIONS AND 
ORGANS OF PIGLETS AND PIGS 


By BERNICE E. HINES anv R. A, McCANCE 
From the Medical Research Council, Department of Experimental Medicine, 
University of Cambridge 


(Received 27 April 1953) 


The cholinesterase activity of the serum of various animals was shown to rise 


in early life by McCance, Hutchinson, Dean & Jones (1949) and an out- 
standing increase in the serum of the new-born puppy was traced to the great 
activity displayed by dogs’ colostrum. Cats’ colostrum and the secretions of 
the human mammary gland were inactive. McCance & Brown (1953) subse- 
quently investigated the activities in puppies’ organs and found that the 
pancreatic activity was initially higher than that of the other glandular and 
muscular organs and doubled or trebled itself within the first few days of life. 
- They were not, however, able to attribute this rise convincingly to the 
absorption of active enzymes from the mother’s colostrum, and they did not 
find a commensurate increase in the activities of other organs such as the 
liver, lung, parotid gland or heart muscle. The pig was not investigated in 
either of these studies, but Glick, Lewin & Antopol (1939) showed that adult 
parotid glands of these animals displayed great activity while the pancreas 
was relatively inactive. They did not investigate the effect of age. McCance, 
Brown, Comline & Titchen (1951) demonstrated that dogs’ pancreatic and 
pigs’ parotid juices were highly active and that the activity of the fluids 
might equal or exceed that of the glands. The present investigation was 
undertaken to study the effect of age on the pseudo-cholinesterase activity of 
organs in the pig. 
METHODS 

The new-born piglets and the adult pigs with one exception were litter-mates. The term ‘adult’ 
is used for all animals over 90 kg in weight and ‘new-born’ for those less than 3 days old. The 
piglets were killed by stunning or with an overdose of pentobarbitone sodium except for a few 
which were killed by the sow. Of the latter group, only those which had been dead less than 
24 hr and had been kept refrigerated were used. There is no suggestion from the results obtained 
that the mode of death affected the level of activity. The adults were electrocuted and all the 
animals except those killed by the mother were exsanguinated as completely as possible. 
Colostrum and milk were obtained by manual expression and ‘mixed’ saliva by collecting the 
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fluid which dripped from the adult pigs’ mouths when they were excited by the noises of feeding 
time and the sight of food. The organs were dissected out soon after death and prepared for 
analysis by grinding with sand in a mortar. The tissue was diluted with water to make a homo- 
genate of convenient activity. The enzyme activity was estimated manometrically (Harrison & 
Brown, 1951) using 0-06 m acetylcholine perchlorate as substrate (McCance & Brown, 1953). 
A unit of enzyme was defined as the amount which liberated 1 yl. of carbon dioxide/min. 


RESULTS 
Table 1 shows the average cholinesterase activity found in the serum, parotid | 
and submaxillary glands and in the liver of new-born and adult pigs. 
The number of observations and the standard deviations are also given. The 
activity of each organ was 2 to 4 times greater in the mature animals. The 
rise in activity after birth has not been followed in any detail, but it appears 
to take place in a matter of weeks rather than days. The activity in the 
parotid gland of six piglets aged 3-6 days averaged 241 + 134 units/g and in 
the submaxillary 131 + 51 units/g. 


TaBLE 1. The average cholinesterase activity of the organs of piglets under 3 days of age 
and of adult pigs. The standard deviations and number of observations are also shown 


Serum Parotid Submaxillary Liver 
(units/ml.) (units/g) (unite/g) (unite/g) 
Piglets 5-440-7 (11) 178+ 73 (18) 115+90 (17) 20+ 8 (10) 
Pigs 14-8+3°8 (14) 632+ 177 (12) 291461 (11) 47+9 (10) 
TaBiz 2. The cholinesterase activity of sows’ colostrum and milk 
Litter 1 Litter 2 Litter 3 Litter 4 
Day of "Day of "Day of ‘Day of 
lactation Unite/ml. lactation Units/ml. lactation Unite/ml. lactation Unite/ml. 
1 96 1 231 1 124 0 300 
3 233 3 235 2 66 ‘ 3 249 
6 295 6 240 5 115 14 113 
12 365 8 158 21 135 
14 196 44 177 
TaBLe 3. The cholinesterase activity of mixed pig saliva 


After 
As secreted centrifugation 
Pig no. (units/ml.) (units/ml.) 
1 10 
17 


2 33 17 
3 27 16 
4 25 7 


Table 2 shows the activity of sows’ colostrum and of sows’ milk. The 
activity was variable from sow to sow, and from time to time, but was never 
very great and there is no evidence that colostrum was more active than 
later milk. 

Table 3 shows the activity of a number of samples of mixed salivary 
secretions produced by psychic stimulation. It is evident that much of the 
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activity was associated with particles which could be removed by centrifuga- 
tion. This probably accounts for the irregular results and difficulties ex- 
perienced by McCance et al, (1951) in estimating the activity of pure parotid 
juice. 

DISCUSSION 
Comparison with the dog 

There are three outstanding differences. (1) The activity of all the solid 
organs which were investigated in the pig were considerably higher at maturity 
than at birth. Only the pancreatic activity behaved in this way in the dog. 
(2) Sows’ milk displayed much more activity than dogs’ milk but the 
colostrum displayed much less activity than dogs’ colostrum. (3) The activity 
in the serum of the young pig increased with age as it did in the rat, cat and 
man, but did not behave as it did in the puppy, and there is no suggestion 
that the relatively small activity of colostrum played any part in raising the 


level in the serum. 
The general rise in activity 

It is difficult to offer any good explanation of how or why this should take 
place, but there are many parallels to be found in the activities of other 
enzymes in other species and in other organs. Jones & McCance (1949), for 
example, found the activity of ‘true’ cholinesterase, carbonic anhydrase, 
catalase and glyoxalase to be well below adult levels in human erythrocytes 
at birth. Berfenstam (1952) confirmed and extended these results for carbonic 
anhydrase. Tuba & Hoare (1951) found rat serum lipase to rise from a low 
level at birth to the adult level at 4 weeks of age. Epps (1945) found the 


amine oxidase of human kidneys to have relatively low activity in the new-_ 


born period, but the activity in the ileum was not affected by age. All this 
can be paralleled by McCance & Brown’s (1953) findings for dogs’ cholinesterase. 
Liener & Schultze (1950) attributed the rise in the activity of arginase per 
gram of liver tissue which takes place soon after birth in the rat to an increased 
metabolism of protein. Mandelstam & Yudkin (1952) have extended these 
findings and consider that they are explained by the mass action theory of 
enzyme adaptation. It is more difficult to explain the rise in the erythrocyte 
enzymes in this way, for one would have expected these cells to have reached 
full functional activity by the time of birth. Until more is known of the 
function of the so-called pseudo-cholinesterase in the various organs it seems 
useless to discuss further the reasons for the difference in the activities found 


at the two age periods. 
3 Histology of the parotids 
Human parotids contain some mucous cells at birth (Maximow & Bloom, 
1952) although the adult organ is entirely serous. Pigs’ glands were examined 
and similar differences were found. This dilution with mucous cells may have 
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been one of the reasons why the glands appeared to contain so little 
cholinesterase at birth, but against this is the fact that the adult glands 
contained more interlobular connective tissue. It is not thought therefore, 
that the presence of mucous cells was an important reason for the findings 
and it is not one which can be applied to the liver. 

To obtain a little more evidence on this and similar matters, sections of 
three glands were submitted to a histologist and he was asked to report on 
their ‘activity’ from his point of view. The sections were stained with haema- 
toxylin and eosin. His criteria of ‘activity’ were: large cells, the increase 
affecting the cytoplasm rather than the nucleus; clear cytoplasm; basal 
nuclei with loose chromatin patterns in them; decrease in size of lumen in the 
acini; tighter packing of the acini with compression of the interacinar areolar 
tissue. The histologist graded the three glands as very active, active and not 
active. The units of cholinesterase found in these glands were 1100, 624 and 
210/g respectively. The first two were from adult pigs, the last from a new-born 
piglet. This correlation must be regarded as satisfactory. 


The role of the enzymes in sows’ milk 

No specific function can be assigned to many of the enzymes in milk, 
although their presence there has been carefully investigated and that of 
phosphatase, for instance, utilized as a test of the efficiency of the pasteuriza- 
tion process. The cholinesterase may appear in sows’ milk owing to the 
breakdown of cells in the acini or ducts, or to ‘leakage’ from an active 
functional cell. This, however, can hardly be the explanation of the high 
activity found in pigs’ parotid or dogs’ pancreatic juice. 

SUMMARY 

1. The pseudo-cholinesterase activity of the serum, parotid and sub- 
maxillary glands and of the liver of adult pigs was 2 to 4 times higher than it 
was at birth. 

2. It is possible to correlate these findings with those of the histologists. 

3. Sows’ colostrum and milk contained cholinesterase in moderate and 
approximately equal amounts. 

4. Mixed salivary secretions of the pig displayed some cholinesterase 
activity. 

The authors are grateful to Terry Cowan for the care and skill with which he looked after 
the animals and collected the milk, and to Dr A. M. Barrett and Dr A. B. Morrison for their 
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The presence of @ muscle spindle in a human tongue was first reported by 
von Franqué in 1891. Forster (1894) saw spindles in the genioglossus muscle 
and in the back part of the human tongue. Ceccherelli (1908) also saw small 
spindles, and localized them in the superior longitudinal muscle of the intrinsic 
musculature. Sherrington (1894) said he was unable to find spindles in the 
intrinsic muscles of the tongue. He used animal material and, unfortunately, 
does not make it clear which animals he used. Langworthy (19242, 6) reported 
structures which he called muscle spindles in the tongues of the embryo pig, 
cat, dog, opossum and rat; his two papers are contradictory as to whether 
these spindles were in the intrinsic or extrinsic muscles. Tarkhan (1936) 
reported spindles in the rabbit’s tongue, but Boyd (1937, 1941) and Carleton 
(1938) working on the rabbit, and Weddell, Harpman, Lambley & Young 
(1940), on the rat and rabbit, were unable to confirm their presence in the 
intrinsic muscles. It is generally thought to-day, on the basis of this animal 
4 work, that if spindles are present in the human tongue they are sparse in 
distribution and confined to the extrinsic musculature. This has led to some- 
what misleading statements about proprioceptors in the tongue. The present 
work is mainly concerned with a histological examination of the human tongue, 
special attention being paid to the localization of muscle spindles in the 
intrinsic muscles. 
” METHODS AND MATERIAL 
The first human tongue examined was from a 6-year-old child suffering from amyoplasia congenit 
The undoubted presence of several spindles in the intrinsic muscles led to a small collection of 
tongues from full-term still-born babies being made, together with a few specimens from older 
children and from adults. The tongues were usually cut in half longitudinally and fixed in formalin. 
Frozen sections were cut at 50, some being parasagittal, other transverse, from various regions. 
These sections were stained by the Bielschowsky-Gros silver method. Other new-born babies’ 
tongues were cut in half and embedded in paraffin, one of these half tongues was then cut into four 
parasagittal blocks, another into four horizontal blocks and yet another was cut transversely into 
PH. CXXII. 13 
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blocks of 4 mm thickness. Specimen sections were taken from each of these blocks, and stained 
with haematoxylin and eosin or by van Gieson’s method. The tongue of a rhesus monkey, two 
tongues from new-born kittens and one from a new-born lamb were also examined. 


Human tongue 

The seihalony of the human tongue has been described by Abd-el-Malek 
(1939). The organ contains two sets of muscles, an extrinsic set having bony 
attachments outside the tongue and an intrinsic set having no bony attach- 
ments. The intrinsic musculature consists of four groups of muscles: the 
superior longitudinal muscle lying the whole length of the tongue below the 
dorsal epithelium, the two inferior longitudinal muscles lying in the ventro- 
lateral parts of the tongue, the transverse muscles running from the lateral 
regions to the median septum and the vertical muscles which are seen as small 
groups of muscle fibres running dorso-ventrally in the distal and lateral parts 
of the tongue. The inferior longitudinal muscles lie in distinct bundles, but the 
other sets of muscles may interweave with each other, the bundles of the 
vertical muscle fibres lying among the fibres of the superior longitudinal 
muscle near the dorsum of the tongue, and among the fibres of the transverse 
muscle in the deeper part as shown in Pl. 1, fig. 1. In the adult these bundles 
are separated by much spongy connective tissue, but in the young child the 
interior of the tongue is a more compact muscular structure. 

In the medial part of the tongue and in the extreme lateral regions the fibres 
of the extrinsic genioglossus, hyoglossus and styloglossus muscles may run 
parallel with the intrinsic muscle fibres so that the exact limits of each set are 
not easy to make out. 

The first sections to be isin were complete transverse frozen sections 
taken from the middle of the tongue of the child with amyoplasia congenita. 
After staining with silver, it was possible to pick out cross-sections of muscle 
spindles in the superior longitudinal muscle, and longitudinal sections of 
spindles in the transverse muscle. Two of the latter sections are shown in the 
same field in Pl. 1, fig. 2. The spindles were characterized by very fine capsules, 
and they appeared to be quite short. They were, however, typical muscle 
spindles, often with numerous intrafusal fibres. Bigger spindles were seen in 
those parts of the genioglossus muscles which lie between the inferior longi- 
tudinal muscles near the base of the tongue. 

The babies’ tongues were only 3-5 cm long, and it was possible to examine 
parasagittal sections from the whole length of the tongue. It became obvious, 
as the work proceeded, that the muscle spindles were not distributed equally 
over the whole musculature. There were fewer present in the distal third or tip 
of the tongue, and this explains why it is possible to take a specimen block 
from near the tip of an adult tongue and to find no spindles. The Bielschowsky- 
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Gros staining revealed good specimens of spindles in the superior longitudinal 
muscle (Pl. 1, fig. 3), sometimes three or four spindles being seen in a single 
section taken fairly close to the mid-line. They lay below the upper surface of 
the tongue and just dorsal to the fibres of the transverse muscles. The spindles 
were about 1-0 mm or less in length and about 1004 in maximum diameter. 
The capsules were thin, but conformed with the typical spindle shape. Within 
the capsules slender striated muscle fibres were present and in some cases the 
groups of nuclei in the equator of a spindle were striking. The entry of nerve 
trunks through the capsule, the tangle of intrafusal nerve fibres at the equator 
and small nerve fibres going to endings on the intrafusal muscle fibres at the 
poles were all characteristic features of true muscle spindles. 

In these parasagittal sections the fibres of the transverse muscles were seen 
in cross-section, and in certain regions small collections of muscle spindles in 
cross-section were seen. Again the spindles were of small diameter and their 
thin capsules did not make them particularly obvious (PI. 1, fig. 4). Central 
nuclei in the intrafusal muscle fibres and encircling nerve fibres were the most 
recognizable features. These spindles were rarely seen near the tip of the tongue, 
they appeared to be collected a short way back from the tip and a second group 
occurred deep to the circumvallate papillae. 

In the sections stained with silver the few spindles seen in the inferior 
longitudinal and vertical muscles were not enough to allow of generalization 
about their distribution. More spindles were seen later in these muscles in the 
paraffin sections. In the silver sections obvious spindles with thicker capsules 
were seen in those parts of the genioglossus muscles that enter the base of the 
tongue between the inferior longitudinal muscles. 

In order to study the distribution of the muscle spindles in the tongue 
@ series of paraffin sections was prepared and in Text-fig. la-c, diagrams are 
given traced from enlarged photographs of whole sections cut in the three 
planes of the tongue. The positions of cross-sections and longitudinal sections 
of muscle spindles found in these sections are indicated by circles and spindle- 
shaped symbols. Spindles seen in cross-section appear to be the more numerous 
but this is because the chances of finding them in cross-section are very much 
greater than of finding them in longitudinal section. A comparison of the 
positions of the spindles in each set of diagrams serves to elucidate their 
distribution in the whole tongue. The use of various markings within the 
symbols indicates the muscle in which each spindle was found. 

The muscle spindles in the superior longitudinal muscle are most numerous 
near the mid-line, none is seen in the tip of the tongue or right at the back. 
Pl. 1, figs. 5 and 6, show photomicrographs of two of these spindles in cross- 
section. In the transverse muscle many spindles are indicated. They lie away 
from the mid-line and are found in the mid-region between the median septum 
and lateral border of the tongue or nearer the lateral border. Again no spindles 
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Text-fig. 1. Tracings from enlarged photographs of sections of babies’ tongues. The genera 
direction of the muscle fibres seen in longitudinal section, and the position of the main blood 
vessels, the nerve trunks and the glands are indicated. The sites of the muscle spindles are 
shown. (a) Four parasagittal sections, cut about 4mm apart, from a half tongue. 81 is 


nearest to the mid-line. (6) Four horizontal sections cut about 4 mm apart. H1 is the upper- 


most section and the position of the circumvallate papillae is sketched in. (c) Ten transverse 
half sections cut about 4 mm apart. T 1 is from the tip, T 10 from near the root and a circum- 
vallate papilla is seen. The scale applies to all three sets of drawings. 

The sites of the muscle spindles are shown by circles for cross-sections and by spindle- 
shaped symbols for longitudinal sections. The muscles in which the muscle spindles lie are 
indicated by the markings given below, similar markings being used for the spindle-shaped 
symbols; 

@ Site of muscle spindle in the transverse muscle. 

@ Site of muscle spindle in the superior longitudinal muscle. 
@ Site of muscle spindle in the inferior longitudinal muscle. 
© Site of muscle spindle in the vertical muscle. 

© Site of muscle spindle in the extrinsic muscle. 

© Site of muscle spindle, the muscle is uncertain. 

+ Site of small collection of nerve cells. 

Site of glands. 
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were seen in the tip of the tongue; they lay, as was found with the silver 
sections, in two groups about a third and two-thirds of the way back through 
the tongue with odd spindles at the back of the tongue. Spindles were scarce 
in the inferior longitudinal muscle, the most likely place to find them being 
ventral to the circumvallate papillae. Such a one is indicated in Text-fig: lo, T9. 
Other spindles were found rather more laterally in this band of muscle at the 
base of the tongue, but they have not been assigned to any specific muscle, for 
they probably lie in the extrinsic muscles. In the sagittal and transverse 
sections it was not easy to find spindles in the vertical muscle, but on examining 
one of the horizontal sections, traced in Text-fig. 1b, H2, a rather striking row 
of these organs with very small diameters was seen. Two such spindles are seen 
in Pl. 1, fig. 1. These spindles are assumed to be in the vertical muscle rather 
than in the insertion end of the genioglossus muscle, since a few occur in the — 
tip of the tongue and the rest lie lateral to the main bulk of the genioglossus 
fibres. The spindles which undoubtedly lie in the genioglossus muscle are 
situated in the base of the tongue; they have a greater diameter and thicker 
capsules than those in the vertical muscle. A group of muscle spindles could 
always be found near the lateral edge of the tongue in its mid-region, such 
spindles being indicated in Text-fig. la, 84, b, H3 and c, T9. It is not clear 
whether these spindles lie in the intrinsic or extrinsic muscles so the symbols 
have no specific marking. 

There are also indicated by crosses, on the diagrams in Text-fig. 1, the 
places in which collections of nerve cells, amounting to small ganglia, were 
found. Such ganglia are indicated on the lingual nerve in the base of the tongue _ 
(Text-fig. la, 84 and c, T9) and on the glossopharyngeal nerve just within the 
tongue (Text-fig. 1b, H4). They were very common in these two positions and 
often contained many cells. Scattered nerve cells were frequently seen near 
nerves among the tongue muscles. No ganglia could be found on the hypo- — 
glossal nerve as it entered the base of the tongue. 


Animal tongues 

Some years ago Mr T. Marsland, Chief Technician of the Histological 
Department of the University Laboratory of Physiology, pointed out to me 
what he rightly took to be muscle spindles in the monkey’s tongue, in class 
demonstration slides that he had prepared and stained with silver. During the 
course of the present work a set of parasagittal sections of a rhesus monkey’s 
tongue was examined and numerous spindles were seen in cross-section in the 
transverse muscle. Spindles in longitudinal sections were not seen in the other 
intrinsic muscles, but only a few slides were examined. The most lateral 
sagittal section showed a small ganglion lying on the lingual nerve just within 
the base of the tongue. ; 

Two kittens’ tongues were examined in a series of transverse, parasagittal 
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and horizontal sections. No muscle spindles were seen. A striking feature of 
these sections was the number and size of the ganglia. Small groups of nerve 
cells were seen close to nerve fibres in all parts of the tongue and a very large 
collection of them lay along the branches of the lingual nerve for some way into 
the base of the tongue. 

No spindles were seen in the intrinsic musculature of a new-born lamb’s 
tongue, but one was found in the genioglossus muscle. Ganglia were again 
seen on the lingual and glossopharyngeal nerves, but not on the hypoglossal 
nerve, as they entered the tongue. 


DISCUSSION 


Though in this work no attempt was made to count the total number of 
muscle spindles in a complete human tongue, they are shown to be sufficiently 
numerous in certain positions to contribute to the proprioceptive sense of the 
tongue. This organ fulfils a number of functions, one of these being due to the 
presence of many sensitive touch endings. These endings are quick to send to 
the higher centres information about the position of the tongue and the state 
of the mouth and teeth. It has been shown by Carleton (1938) that paralysing 
these exteroceptive endings usually abolishes the sense of position of the tongue. 
This information has been used by this author as an argument that propriocep- 
tive innervation may not exist in the tongue musculature. Weddell et al. (1940) 
consider that sensory endings at the origin of the genioglossus muscle are 
sufficient to explain any anomalous results about proprioceptors in the tongue. 
A point on which we have very little information is the extent to which the 
impulses from the true muscle proprioceptors, such as muscle spindles and 
tendon organs, penetrate to the highest levels. Adrian (1941, p. 170) says that 
stretching a muscle in the cat’s forelimb never gave more than a brief discharge 
in the cortex. Mountcastle, Covian & Harrison (1952, p. 364) state that 
‘direct stretch of muscle [in cats under sodium pentobarbital] does not elicit 
cortical responses if care is taken to avoid simultaneous excitation of deep 
receptors of the periosteum, or of adjacent tactile receptors’. Cooper, Daniel 
& Whitteridge (1953) found that the discharges set up on stretching the 
extrinsic eye muscles of the goat were greatly altered after crossing one or — 
more synapses. They heard faint responses in the cortex near the visual area, 
but were unable to get records or to assess the latency of these discharges. 
The extrinsic eye muscles and the intrinsic tongue muscles are peculiar in 
not being associated with joint movements, but they are associated with 
particularly sensitive exteroceptive systems, namely the retina of the eye and 
the touch endings of the tongue. These systems may provide information for 
the cortex, in relation to these muscles, which is used in a similar way to the 
information from the joints and periostial endings in relation to the body 


musculature. The duty of the muscle proprioceptors is to keep the co-ordinating 


| 

4 


PROPRIOCEPTORS IN THE TONGUE 199 


centres of the brainstem and spinal cord informed about the state of the 
muscles, so that the latter are ready to respond both in the performance of the 
lower reflexes and to the demands of voluntary movements. The information 
from the muscles is probably largely or entirely dealt with at subcortical levels. 
If this is so, it is illogical to expect consciousness of the tongue’s position when 
the exteroceptive endings have been put out of action. 

The distribution of muscle spindles in the intrinsic muscles of the human 
tongue is interesting. They were found to be few in number in the tip, but 
numerous in @ region proximal to the tip. The tip itself is richly supplied with 
touch endings, but the most flexible part of the human tongue is a short way 
proximal to the tip; it is this part that brings about the delicate movements of 
the tip needed for touching, tasting and speaking. It is just in this flexible part 
that the greatest number of spindles has been found in this survey. This is 
particularly true for the superior longitudinal and the transverse muscles 
which appear to be the most richly supplied. In the inferior longitudinal 
muscle and in the muscles near the lateral border the spindles lay somewhat 
further back in the tongue in that part that curves most in the fine lateral 
movements. The spindles in the vertical muscle occurred fairly far forward in 
the tongue in those muscle bundles that must be active in any movement 
which flattens the tongue or curls up the lateral edges. . 

The intrinsic muscles of the tongue receive their motor innervation from the 
hypoglossal nerve. This nerve may therefore carry the afferent impulses from 
the muscles; but the hypoglossal, like several other cranial nerves, has no 
obvious dorsal roots or dorsal root ganglia to point out the sensory pathway 
into the brainstem. Sensory type cells may occur scattered along the nerve 
proximal to the tongue (Tarkhan & Abd El-Malek, 1950), or collected into 
the small Froriep’s ganglion which is analogous to the dorsal root ganglia; but 
the exact number and position of these cells differ in various species. In man, 
Pearson (1945) has shown that there are numerous sensory type cells belonging 
to the hypoglossal nerve and having an intramedullary position near the 
inferior olive. These may well be the cells of origin of the muscle spindle 
sensory endings in the human tongue. 

Ganglion cells also occur in the tongue itself, as has been known for many 
years. They are illustrated by a good photomicrograph (taken by Hoen) in 
Barker (1899). Gairns & Garven (1952) have recently taken up the study of 
these cells and are doing further work on them. It is not yet known definitely 
whether any of them belong to the hypoglossal nerve. Ernyei (1937) associates 
them with the lingual and glossopharyngeal nerves. Kane (1952) says that in 
the pig many of them lie near the glossopharyngeal nerve. 

The few observations made in the present work on man, monkey, cat and 
lamb suggest that the ganglion cells are certainly related to the lingual and 


glossopharyngeal nerves, none being found near the hypoglossal trunks. It is 
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impossible to assign many of the cells within the tongue to the lingual or hypo- 
glossal nerves without degeneration experiments, since small branches pf the 
former nerve have to pass through the muscle bundles to reach the epithelium 
and glands. The large number of ganglion cells in the cat’s tongue was noted 
by Laruelle & Reumont (1936). They found that the cells were definitely 
altered by section of the en nerve but were unaffected by cutting the 
hypoglossal nerve. 

It. must not be lost sight of thet, through the lingual nerve, the tongue has 
very rich afferent connexions with the fifth cranial nerve complex, and it is 
possible that some proprioceptors of the tongue send their messages to the 
brainstem by this nerve as suggested by Barron (1936). He based his evidence 
on the fact that he could detect no impulses in the cat’s hypoglossal nerve on 
stretching the tongue. My own work-does not confirm this, for I have found on 
cutting down some of the nerve. bundles to the intrinsic muscles of the cat’s 
tongue that I have been able to record electrically from units which give 
a sustained response to gentle stretch of the tongue. The issue is probably 
complicated by the great number of motor fibres and by finding the adequate 
direction of pull in an organ with muscle fibres running in such differing direc- 
tions. Further work is in progress and will be reported elsewhere. 

The presence of muscle spindles in the tongues of some species and their 
absence in the tongues of others presents the same problem as is met with in 
the case of the extraocular muscles (Cooper & Daniel, 1949). It is of further 
interest that the species are not the same in the two cases, spindles are present 
in the intrinsic tongue muscles of man and rhesus monkey, but absent from 
the same muscles in cats and lambs. They are present in the extraocular 
muscles of man and goats, but absent from these muscles in rhesus monkeys 
and cats. This certainly points to the danger of generalisation < on the distribu- 
tion of these organs in mammals. 

It is not always realized that other endings may act as low-threshold stretch 
receptors, since it is certainly possible to get responses from the fibres of the 
cat’s third nerve on stretching an extraocular muscle in spite of the absence of 
muscle spindles in these muscles (Cooper & Fillenz, 1952). There are many 
endings in the small-fibred richly innervated muscles like the eye and tongue 
muscles that do not conform in structure with the generally accepted sensory 
endings. The simple nerve spirals found round the muscle fibres of human 
extraocular muscles are a case in point (Daniel, 1946). Further histological 
work may well reveal other atypical sensory endings in the intrinsic tongue 
muscles of those animals without spindles in these muscles. The present work 
proves that man has a good supply of the recognized low-threshold stretch 
the muscle in his tongue. 
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SUMMARY 

1. The presence of muscle spindles is confirmed histologically in the intrinsic 
muscles of the human tongue and the distribution of these organs in the four 
groups of intrinsic muscle fibres is given. . 


2. Muscle spindles are present in the intrinsic tongue muscles of the monkey, 
but they have not been seen in these muscles in the cat and lamb. 

3. The pathway for the afferent impulses from these organs is thought to lie 
in the hypoglossal nerve and to be unrelated to the sensory type ganglion cells 
found in the tongue. 


4. The part the muscle spindles play as the proprioceptors of the tongue is 


I have to thank my colleagues, P. M. Daniel and F. D, Bosanquet, for supplying me with the 
tongues, and E. H. Leach for help in taking the photomicrographs. Mr T. Marsland, Mr A. Austin 
and Mr R. Beesley gave me much photographic and technical assistance. 


REFERENCES 


aaa Observations on the morphology of the human tongue. J. Anat., Lond., 


Apgian, E. D, (1941). Afferent discharges to the cerebral cortex from peripheral sense organs. 
J. Physiol. 100, 159-191. 
Barker, L. F. (1899). The Nervous System and its Constituent Neurones. London: Hirschfeld Bros. 
— D. 7 (1936). A note on the course of the proprioceptor fibres from the tongue. Anat. 
. 66, 11-15. 
Boyp, J. D. (1937). Proprioceptive innervation of mammalian tongue. J. Anat., Lond., 72, 
147-148, 


Boyp, J. D. (1941). The sensory component of the hypoglossal nerve in the rabbit. J. Anat., Lond., 
75, 330-345. 


CaRr.zron, A. (1938). Observations on the problem of the proprioceptive innervation of the tongue. 
J. Anat., Lond., 72, 502-507. | 

CrccHERELLI, G. (1908). Contributo alla conoscenza delle espansioni nervose di senso nella 
mucosa del cavo orale e della lingua dell’uomo. Int. Mschr. Anat. Physiol. 25, 273-350. 

Coopzr, 8S. & Danren, P. M. (1949). Muscle spindles in human extrinsic eye muscles, Brain, 72, 
1-24. 


Coorzr, S., Danzer, P. M. & Wurrrerivesr, D. (1953). Nerve impulses in the brainstem and 
cortiek of the goat. Spontaneous denies wad responses to visual and other afferent 
stimuli. J. Physiol. 120, 514-527. 

Coopzr, 8. & Fiizwz, M. (1952). Afferent discharges from the extrinsic eye muscles of the cat. 
J. Physiol. 118, 49 P. 

Dac Spiral nerve endings in the extrinsic eye muscles of man. J. Anat., Lond., 80, 
89-193. 


Ernyat, 8, (1937). Ein Beitrag zur Kenntnis der Nerven und Ganglien der Zunge. Anat, Anz. 88, 
274-281. 


Forsrszr, L. (1894). Zur Kenntnis der Muskelspindeln. Virchows Arch. 187, 121-154. 
Frangvt, O, vow (1891). Beitrige zur Kenntnis der Muskelknospen. Verh. phys.-med. Ges. Wiirzb. 
24, 19-48. 


Garaws, F. W. & Garven, H. 8. D. (1952). Ganglion cells in the mammalian tongue. J. Physiol, 
118, 53-54 P. : 

Kang, F, (192), The nerve cells of the pig’s circumvallate papilla. J. Physiol. 118, 62-63 P. 

Lanewortary, O. R. (1924a). A study of the innervation of the tongue musculature with par- 
ticular reference to the proprioceptive mechanism. J. comp. Neurol, 36, 273-297. 


7 
| 
i 


202 SYBIL COOPER 
of innervation: course of 
O. R. (19245). tongue Hoo. nerve 


L. & Revmont, M. (1936). L’appareil neuro-ganglionnaire de la langue. C.R. 
230-238. 


Anat, 31, 
V. B., Covran, M. R. & Hannison, C. R. (1952). The central representation of some 
forms of deep sensibility. Res. Publ. Ass, nerv. ment, Dis, 30, 339-370, 
a A. A. (1945). Further observations on the intramedullary sensory type neurons along 
the hypoglossal nerve. J. comp. Neurol. 82; 93-100. 

Suzraiorton, C. 8. (1894). On the anatomical constitution of nerves of skeletal muscles; with 
Tarkan, A. A. (1936). Ein zur Kenntnis der proprioreceptiven Innerva- 

tion der Zunge. Z. Anat. 


Tarnxuax, A. A. & App Ex-Mauzx, 8, (1950). On the presence of sensory nerve cells on the hypo- 


Harpman, J. A., Lamarey, D. G. The innervation of the 
musculature ture of the tongue. J. Anat., Lond., 74, 255-267. 


EXPLANATION OF PLATE 


Fig. 1. Horizontal section of a baby’s tongue, about 6 mm below the dorsal surface, showing the 
fibres of the transverse muscle in longitudinal section and the fibres of the vertical muscle in 
cross-section. Note two muscle spindles, indicated by arrows, in the vertical muscle. 
(Paraffin section, Van Gieson stain.) 

Fig. 2. Transverse section of tongue of child with amyoplasia congenita, taken from the mid- 
region. Note two muscle spindles seen in longitudinal section in the transverse muscle. Each 
spindle has a small nerve trunk entering its capsule. (Thick frozen section, Bielschowsky-Gros 
silver stain.) 

Fig. 3. Parasagittal section of baby’s tongue. The equator of a muscle spindle is seen in longi- 
tudinal section lying parallel to the fibres of the superior longitudinal muscle. Above the 
spindle are fibres of the vertical muscle. Note the outline of the spindle capsule, the small 
striated intrafusal muscle fibres, nerve fibres in the upper left-hand part of the spindle and 
densely stained groups of nuclei in the intrafusal muscle fibres. (Thick frozen section, 
Bielschowsky-Gros silver stain.) 

Fig. 4. Parasagittal section of baby’s tongue showing cross-sections of muscle fibres belonging to 
the transverse muscle and longitudinal sections of fibres of the vertical muscle. A small 
muscle spindle is seen in cross-section in the transverse muscle. Note encircling nerve fibres 
in the thin capsule and intrafusal muscle fibres with central nuclei. (Thick frozen section, 
Bielschowsky-Gros silver stain.) 

Fig. 5. Transverse section of baby’s tongue taken some 2 cm from the tip (total length of tongue 
3-5 cm). A muscle spindle in cross-section is seen in the superior longitudinal muscle. The 
field is close to the median septum of the tongue. Note the thin capsule of the spindle and 
the septum which separates three of the intrafusal muscle fibres from the main periaxial space 
of the spindle; this suggests that the section is through the pole of the spindle. One of the 
intrafusal muscle fibres shows a very prominent central nucleus. (Paraffin section, haema- 
toxylin and eosin.) 

Fig. 6. Transverse section of baby’s tongue taken near the circumvallate papillae. A muscle 
spindle, seen in cross-section, lies in the superior longitudinal muscle and among some of the 
glands in the dorsum of the tongue. Note the thin capsule of the spindle with a small nerve 
trunk just outside its upper border. There are seven or more intrafusal muscle fibres, the 
lower large one has a central nucleus, the two upper large ones are packed with nuclei showing 
that the section is from the equatorial region of the spindle. Glands are seen on the left of the 
spindle. Extrafusal fibres of the superior longitudinal muscle are seen in the upper right-hand 
corner and fibres of the vertical muscle in the lower right-hand corner. (Paraffin section, 
haematoxylin and eosin.) 
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THE EFFECT OF SODIUM FLUORIDE ON GASTRIC 
ACID SECRETION 


By JANE Y. BOWIE, G. DARLOW anp MARGARET M. MURRAY 
From the Physiological Laboratory, Bedford College, University of London, N.W.1 
(Received 4 May 1953) 


Though the ingestion of relatively small amounts of fluorine from natural 
waters is judged by many to be beneficial for the reduction of the incidence of 
dental caries, it is well recognized that at higher levels of intake, fluorine and 
its compounds are toxic. The results of chronic and acute fluorine intoxication 
have been studied by many observers and the work up to 1937 was reviewed 
by Roholm (1937). He reported that among the cryolite workers he examined 
for signs of chronic intoxication 80°, complained of acute or subacute gastric 
symptoms. We have endeavoured to test the effect of ingestion of small 
amounts of sodium fluoride (10-20 mg) on gastric secretion in man, but our 
results were inconclusive, partly because of the wide individual variations in 
the pattern of response to gastric test meals and partly because of our unwil- 
lingness to give our subjects repeated tests with NaF. 

We were well aware of the standardized pectin meal test of Hunt & Spurrell 
(1951), and Dr Hunt kindly carried out tests on one subject, but the addition 
of 20 and 30 mg NaF to his standard meal showed no effect on gastric secre- 
tion. In view of the fact that it was later found that the pectin solution con- 
tained sufficient Ca to combine with the fluoride and it is known that CaF, is 
only slightly soluble having a toxicity of 1/10 that of sodium fluoride this 
result was not surprising. The observations on the frog’s isolated gastric 
mucosa by Crane, Davies & Longmuir (1946, and private communication) 
showed that a concentration of 0-003 m-NaF had little effect on the potential 
difference, the resting acid secretion, the response to histamine or the rate of 
aerobic glycolysis, but that at 0-006 m there was a definite decrease in the 
normal activity of mucosa. Patterson & Stetten (1949), using the rat’s 
isolated mucosa, found that the presence of 0-01 M-NaF caused inhibition of 
resting acid secretion. 

Because sodium fluoride is known to inhibit many enzyme systems (Borei, 
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1945), in particular enolase and succinic dehydrogenase (Slater & Bonner, 
1952), it would therefore, at a certain concentration within the cells, arrest 
the glycolytic cycle and any active process dependent thereon. 

The object in making the observations reported below was to study in acute 
experiments on anaesthetized cats the effects of placing solutions of NaF in 
the stomach on the acid secretion response to intravenously injected hista- 
mine, and in particular to find the minimum concentration of NaF which, in 
the stomach cavity, would éffectively inhibit the response. | 


METHODS | 

The observations were made on cate which had been fasted for 18 hr. After preliminary ether 
anaesthesia they were given intravenously 4-5 ml./kg body weight of a mixture of chloralose and 
urethane (300 mg chloralose and 2 g urethane dissolved in 20 ml. water). The abdomen was opened, 
the pylorus tied off, and the abdomen then closed. A stomach tube was passed down the oeso- 
phagus and the stomach washed out with saline, and then 25 ml. of 0-005 m-HCl was introduced. 
The blood pressure was recorded from the femoral or carotid artery; all injections or infusions 
were made into the saphenous vein. Atropine sulphate (1 mg/kg) was injected and the preparation 
left for 1 hr. 

In order to test the effect of the presence of NaF in the stomach on the acid secretion we used 
the double histamine test for inhibitors of gastric secretion as described by Howat & Schofield 
(1948), in which the histamine acid phosphate was infused at a constant rate of 0-0045 mg/kg. 
Determinations of free HCl, total acid and pH were made on the 25 ml. samples of 0-005 m-HCl 
placed in and withdrawn at 15 min intervals. When the acid secretion had returned to its basal 
level after the first histamine infusion, 25 ml. of a solution of NaF in the 0-005 m-HCl was placed 
in the stomach and the second histamine infusion started. The samples of NaF solution were 
withdrawn and replaced at 15 min intervals. In a few experiments (Table 1, B 5 and D 3) a third 
histamine infusion was given in the absence of NaF so as to see that the mucous membrane was 
still able to respond. Some experiments were carried out using a gastrin preparation free of blood- 
pressure lowering substances. In the later experiments pepsin estimations were made by Anson & 
Mirsky’s (1933) method using bovine haemoglobin. 


RESULTS 


The results are set out in Table 1 and show the resting and the average rate of 
acid secretion in response to histamine infusion, in the absence and presence 
of NaF in the stomach. The response to the histamine was always diminished 
by the NaF and in most experiments there was some inhibition of the resting 
secretion. The highest concentration of NaF used was 0-012 m, this caused 
a marked inhibition of acid secretion. Then using different animals, decreasing 
concentrations of NaF were tested until a minimal effective value was reached. 
This was approximately 0-005 m and showed a mean inhibition for five experi- 
ments of 58%. The amount of fluoride ion in the stomach was 2-4 mg. Fig. 1 
gives a record of a typical experiment. 

In some experiments when NaF was in the stomach and histamine injected 
there was a measurable secretion of alkali, which neutralized some of the 
0-005 m-HCl introduced. In some experiments there was a secretion of mucus. 
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Acid secretion to 
(mg hista- (molar acid 


‘mine conen., 0-1 Diff. as 
Expt. P/kg/min placedin 100ml. Mean of first 

Bl 0-0045 0 95 20-4 

0-0045 0-120 8-5 6-2 -l4 -70 
BS 0-0045 0 40 16-3) 19 

0-0045 0-060 7-5 4-2) ry -74 + + 

0-0045 0 3-5 12-9 
B7 0-0045 0 10-0 22-2 ie 

0-0045 0-030 6-5 41 - —82 + 
B6 0-0045 0 5-8 15-7 1 

00045 0-020 5-5 4-7 70 + 
D2 0-0067 0 9-5 28-7 

0-0067 0-006 4-0 40 " - ‘ 
B3 0-0045 0 7-0 143 ; in 

0-0045 0-005 8-0 5-1 
D3 0-0067 0 2-8 5-0 

0-0067 0-005 2-8 2-0 -3 60 + 

Gastrin 0 2-8 6-3 4 64 

Gastrin 0-005 40 2-3 7 dn 4 
D4 Gastrin 0 4-0 5-5 

Gastrin 0-005 3-5 2-5 7 + 
DiI 0-0045 0 2-8 8-0 

0-0045 0-005 2-8 43 
B4 0-0045 0 5-3 11-2 

0-0045 0-001 5-8 9-3 
B2 0-0045 0 13-0 31-2 

0-0045 00002 («150 35-0 +4 +13 


mi. 01 N-HCI/100 ml. gastric juice 


Histamine i.v. H H Hours 

Fig. 1. The inhibition caused by the presence of NaF (0-06 m) in the stomach and the response to 
a third histamine infusion, after removal of the NaF. Typical experiment (B5). Cat 2-3 kg, 
anaesthetic 150 mg chloralose and 1-5g urethane dissolved in 21 ml. saline; dose intra- 
venously 7 ml./kg body weight. At H intravenous infusion of histamine acid phosphate, 
0-0045 mg/min for 45 min. | 
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The acid response to gastrin was also inhibited by NaF. The gastrin produced 
a much higher concentration of pepsin than histamine, although the histamine 
secretion did contain some pepsin. The secretion of pepsin was not inhibited 
by the fluoride. The effect on pepsin secretion is being further studied. 

At the end of each experiment the stomach was excised; in none was there 
any evidence to the naked eye of erosion or haemorrhage. 


DISCUSSION 


As mentioned in the introduction, others have shown that NaF inhibits gastric 
acid secretion in the isolated mucosa. We were interested to test this point in 
the intact animal. Our minimal inhibiting concentration 0-005 M is not very 
different from that found by Davies (private communication) of 0-003 m for 
the frog’s isolated mucosa. However, this does not mean that NaF should be 
thought of as a specific antihistamine substance because its effect might be to 
inhibit or arrest some step in the metabolic reactions which provide the energy 
for the acid secretion. A number of investigators have tested various anti- 
histamine substances on gastric acid secretion stimulated in various ways 
including histamine injection. Sangster, Grossmann & Ivy (1946), using dogs, 
found no significant inhibition to injected histamine by injecting diphen- 
hydramine (benadryl), although Loew, MacMillan & Kaiser (1946) tested four 
Heidenhain pouch dogs with double histamine injections and found 40% 
inhibition in three of these. Although the results in humans are not all in 
agreement, two groups of workers, Ashford, Heller & Smart (1949) testing 
students, and Moersh, Rivers & Morlock (1946) testing patients with duodenal 
ulcer, reported no inhibition by diphenhydramine, antazoline (antistin) or 
mepyramine (neoantergan). It can be said then that the conclusions of Loew 
(1947) are still valid, and that it is generally held that there is no known 
antihistamine drug which inhibits the acid secretory response. Howat & 
Schofield (1948) even found that mepyramine caused in cats a highly significant 
increase of the histamine response. Linde (1950) made a particular study in 
dogs and cats and found that while antazoline alone was ineffective, in the 
presence of a surface ‘wetting’ agent it inhibited histamine excited acid 
secretion. 

In earlier experiments in this series the peptic activity was not determined, 
but in later experiments it was found that the ‘histamine juice’ did contain 
significant amounts of pepsin and the indications were that the inhibition of 
the acid response by 0-005 m-NaF was definitely not accompanied by an 
inhibition of pepsin secretion. In experiment D3 where the NaF caused a 60% 
inhibition of the acid response the peptic activity was greatly increased. This 
seems to indicate either that the metabolism of the oxyntic cellsis more sensitive 
to NaF than that of the peptic cells or that the NaF causes an alteration of the 
permeability of the oxyntic cells to H ions by its action at the cell membrane. 
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Davson (1941) made a study of the effects of NaF on erythrocyte eabili 
to K ions, and he concluded that the loss of these ions was due ed ll a 
inhibitory effect of NaF on cell metabolism, but also to an effect on the mem- 
brane whereby any K ions which escape and are normally pumped back into 
the cell are not pumped back. From a consideration of the kinetics of the 
K loss he concluded that the action of the fluoride ion was probably best 
explained as due to the effect of intermediate metabolite accumulation on the 
cell membrane. Whether these observations and considerations have a bearing 
on the effect of NaF on the release of H ions from the oxyntic cells is difficult 
to say, but in view of the fact that the effect on the oxyntic cells is readily and 
speedily reversed on removal of the NaF from the stomach it seems likely that 
the effect is at the surface. The effect of the NaF is probably not due to its 
calcium precipitating effect since Patterson & Stetten (1949) showed that the 
isolated gastric mucosa of the rat continued to secrete acid when immersed in 
calcium-free saline and in isotonic glucose. 


SUMMARY 


1, The effect of solutions of sodium fluoride, placed in the stomachs of 
anaesthetized cats, on the acid secretion response to intravenous infusions of 
histamine has been tested. 

2. At concentrations of 0-005 m and greater there is a marked inhibition of 
the histamine response and even an inhibition of the resting acid secretion. 

3. The mode of action of the fluoride is discussed. Because the effect is 
speedily reversible it is suggested that there is an alteration of the behaviour 
of the oxyntic cell membrane. 
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THE SPLEEN IN THE REGULATION OF THE ARTERIAL 
BLOOD PRESSURE 


By D. GRANAAT 
From the Physiological Laboratory, University of Amsterdam 
(Recewed 11 December 1952) 


Contraction of the spleen is known to be associated with a rise in arterial blood 
pressure which is explained by the discharge into the circulation of the blood 
stored in the dilated spleen (Roy, 1881; Schafer & Moore, 1896; Barcroft & 
Nisimaru, 1932). The finding that splenectomized dogs are less resistant to the 
development of shock than normal dogs is explained on similar lines (Kendrick 
& Uihlein, 1942; Lewis, Werle & Wiggers, 1942). There is so far, however, no 
direct evidence that the injection into the portal vein of a volume of blood 
corresponding to that discharged by contraction of a dilated spleen would 
cause & significant rise in arterial blood pressure. According to Roy (1881) and 
Barcroft & Nisimaru (1932) the quantity of blood discharged by the spleen 
during rhythmic contraction is relatively small and such a small quantity of 
blood would hardly affect the arterial blood pressure (Guyton, Batson & Smith, 
1951; Guyton, Batson, Smith & Armstrong, 1951). According to various other 
authors, the fully dilated spleen of the dog may, on the other hand, contain 
and discharge as much as 130 and over 200 ml. of blood (cf. Feldberg & Lewin, 

1928). 

' There is another possibility, which has not been considered so far, of 
explaining the observed rise in arterial blood pressure: i.e. a discharge of 
a pressor principle into the circulation from the contracting spleen. This 
possibility is tested by the experiments described in this paper. 

The spleen contains relatively large amounts of noradrenaline (Euler, 1946, 
1949; Bacq, 1947), the presence of which seems to a large extent to be 
dependent on its sympathetic innervation (Euler & Purkhold, 1951). Further- 
more, noradrenaline appears in the venous blood of the spleen on stimulation 
of its sympathetic nerves (Peart, 1949; West, 1950; Mann & West, 1950; 
Cicardo, 1952). Although the spleen-contracting effect of noradrenaline is 
weaker than that of adrenaline (Schiimann, 1949), noradrenaline would have 
&@ more pronounced pressor effect than adrenaline if it were discharged from 
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the contracting spleen, because adrenaline is more quickly inactivated in the 
liver than noradrenaline. When given intraportally, the dose of adrenaline has 
to be increased about 5-fold, that of noradrenaline only 2-24-fold, in order to 
produce the same pressor effect as on intravenous injection (Dawes, 1946; 
West, 1948). West also obtained some evidence suggesting that adrenaline 
injected into the spleen caused the release of histamine. In cats, a small dose 
of adrenaline injected into the branch of the splenic artery supplying the 
caudal portion of the spleen resulted ‘in a small rise, followed by a large fall 
in blood pressure’ which was eliminated by benadryl. Noradrenaline injected 
in this way produced a pressor effect only. 


METHODS 


Most experiments were done on dogs, a few on cats. The animals were anaesthetized by intra- 
peritoneal injection of either thiopentone sodium (2 ml./kg of a 2% solution of pentothal), or of 
pentobarbitone sodium (0-4 ml./kg nembutal). If it became necessary during the course of an 
experiment to deepen the anaesthesia, 0-5-1 ml. of the pentothal solution were injected intra- 
venously. The blood was rendered incoagulable by intravenous injection of 10 mg/kg body weight 
heparin. 


In order to remove splenic blood or to inject various substances either through the splenic artery 
into the spleen or through the splenic vein intraportally, the main splenic vessels supplying the 
right pole of the spleen were divided and reconnected with metal cannulae and rubber tubing. 
For this purpose artery and vein were each clamped at two points, 3-4cm apart from each 
other, so that the clamped portion could be slit open longitudinally for a distance of about 
14-2 cm and metal cannulae filled with heparinized Ringer’s solution inserted at both ends. 
The vessels were then divided between the cannulae which were connected with a piece of soft 
rubber catheter. When the clamps were then removed, blood could be aspirated or drugs injected 
through the rubber connexion by means of a fine injection needle. As a result of these manipu- 
lations the spleen always became somewhat contracted. In some experiments the injections into 
the splenic artery were only made into the more or less fully contracted spleen. For this purpose 
the splenic nerves were stimulated with faradic current. In later experiments, instead of dividing 
a main splenic vein and reconnecting it with metal cannulae, a branch of the mesenteric vein 
was tied and cannulated with a polythene cannula. This modification reduced the length of the 
operation and ensured a more effective discharge from the spleen. 
In most experiments the collateral vessels to and from the spleen were left intact, since they 
did not interfere with the injection experiments. Between each injection time was allowed for 
the blood pressure to have returned to pre-injection level for at least 2 min. 
The following substances diluted with Ringer solution were used for injection: adrenaline 
hydrochloride (Brocapharm), noradrenaline bitartrate (Philips-Roxane Ltd.), 10% solution 
sympathol (Sympatol, Boehringer; Synephrine), 
(1946). 

The arterial blood pressure was recorded from the femoral artery, and for intravenous injections 

a polythene cannula was tied into the femoral vein. 


RESULTS 


Changes in the blood volume of the portal vein by injection of 10-80 ml. 
blood into the splenic vein of a dog or a few millilitres into that of a cat have 
scarcely any effect on the arterial blood pressure; cats are slightly more 
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sensitive than dogs but, as shown in Fig. 1, even in this species slow or rapid 
injections of 25 ml. of blood into the splenic vein merely result in very slight 
and transient rises of arterial blood pressure. A different effect is obtained 


when splenic contractions are produced by injection of sympathomimetic 
substances into the splenic artery. 


Fig. 1. Respiration (upper tracing) and arterial blood pressure (lower tracing) from 3 kg cat in 
thiopentone anaesthesia. At the signals, injections of 2-5 ml. blood into the splenic veins. 
Speed of injection increased each time. Time in 10 sec. 


Adrenaline. An injection of 0-2 ug/kg into the splenic artery of a dog led 
to a gradual rise of blood pressure of about 10 mm lasting for about 3 min. 
With 4 ywg/kg adrenaline the effect was more pronounced and more compli- 
cated. For instance, in a typical experiment on a 9-5 kg dog, such an injection 
produced, after a latency of 16sec, a brief rise from 155 to 170 mm Hg, 
followed by a fall of 12 mm lasting for 8 sec. When the blood pressure then 
rose again, the heart rate decreased and consequently the pulse pressure 
became increasingly greater; 90 sec later it was about 30mm Hg. Simul- 
taneously, respiration slowed and became more shallow, whilst the blood 
pressure continued to rise and reached a level of 215 mm Hg about 3} min 
after the injection. The splenic contraction occurred much more quickly; 
islands appeared on the spleen surface 5 sec after the injection, and within 
45 sec the organ had paled completely. Within 12 min arterial blood pressure 
had returned to the pre-injection level, but the spleen was still strongly 
contracted and firm. A similar injection of adrenaline into the splenic vein 
caused either no effect on the blood pressure or at most a rise of 10-15 mm 
lasting for about a minute. 

The more pronounced and more prolonged pressor effect of adrenaline, when 
injected into the splenic artery instead of into the splenic vein, could scarcely 
be explained by a combined effect of adrenaline with the mechanical effect of 
the discharge of blood into the circulation, because the amounts of blood 
discharged were relatively small. The spleens were usually in more or less 
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contracted condition when the injections were made, and the injections of 
small amounts of blood into the portal circulation were shown to be ineffective. 
Further, practically the same result was obtained when the injections of 
adrenaline into the splenic artery were repeated some minutes after the blood 
pressure had returned to its pre-injection level but whilst the spleen was still 
contracted from the previous injection, or when the injections were made into 
a spleen which had previously been made to contract by stimulation of the 
splenic nerves. In these experiments the difference, however, was not always 
as pronounced as in the experiments in which the splenic nerves had not been 
stimulated before the injection. The strong, prolonged rise in blood pressure 
on injection of adrenaline into the splenic artery was always associated with 
bradycardia and depression of respiration; rate and amplitude of respiration 
decreased. These cardiac and respiratory changes are probably the result of 
the rise in arterial blood pressure and were therefore less pronounced, or 
absent, when the same dose of adrenaline was injected into the splenic vein. 

The injection of adrenaline into the splenic artery of dogs never produced — 
a fall of arterial blood pressure, as observed by West (1948) in cats, but an 
interruption of the rise by a small, transient fall was sometimes observed. 

When the same dose of adrenaline was once injected into the splenic artery 
and once into the femoral vein, the pressor response to the arterial injection 
was always more prolonged, even if the actual rise was not as great as after 
the intravenous injection. Sometimes, however, the injection into the splenic 
artery produced also a greater rise than the intravenous injection, although 
the rise obtained with an intravenous injection was always greater than that 
with an intraportal injection through the splenic vein. The rise in pressure 
following an intravenous injection of adrenaline was often followed by a fall 
below the pre-injection level; this was never observed when the adrenaline 
was injected into the splenic artery. On the contrary, the pressure often 
remained 10-20 mm Hg higher than the pre-injection level for periods up to 
15 min and longer. This was particularly so in dogs with low initial blood 
pressure. 

Noradrenaline. The results resembled those obtained with adrenaline. For 
instance, in one experiment on a 16 kg dog with a low blood pressure of 
55 mm Hg, 4 yg injected into the splenic artery caused a rise of 30 mm Hg 
lasting for 4 min, whereas the same amount injected intravenously caused 
a rise of 25 mm Hg lasting for 40 sec only. A similar experiment in a dog 
with a higher blood pressure is illustrated in Fig. 2 A-C. Again, the injection 
of noradrenaline into the splenic artery produced a more pronounced and 
more prolonged pressor effect than the injection into the splenic vein. 

From a comparison of Fig. 2A and C, it will be seen that the pressor 
response on injection of noradrenaline into the splenic artery develops more 
gradually and persists for a longer time than the pressor response following 
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the injection of a similar dose into the femoral vein. The actual height of 
pressure reached on intravenous injection of the noradrenaline, however, is as 
high and sometimes even higher than the rise attained on injection of the 
same dose into the splenic artery. Finally, the pressor response on intravenous 
and also on intraportal injection is followed by a fall of pressure below the 
pre-injection level. This does not occur when the noradrenaline is injected 
into the splenic artery: the level of arterial blood pressure remains for many 
minutes 10-20 mm higher than the pre-injection level. Associated with the 
pressor responses there is bradycardia, slowing and inhibition of respiration. 
The degree of these changes in heart rate and respiration depends on the 
intensity of the pressor responses. 

There is this difference between the results obtained with noradrenaline and 
adrenaline. The pressor effect of noradrenaline on injection into the splenic 
vein is relatively high in comparison with the pressor response of adrenaline in 
corresponding experiments, because the destruction of adrenaline on its 
passage through the liver is greater than that of noradrenaline. This is 
illustrated in Fig. 3, in which the pressor responses to noradrenaline and 
adrenaline in cats on intraportal and intravenous injections are compared. 
Similar results have been obtained in dogs. These results confirm similar 
observations by West (1948). 

Splenic eatracts. The effects of splenic extracts, prepared according to von 
Euler, could not be explained by the presence of small amounts of Na,SO, 
which the extracts contained, because injections of Na,SO, in amounts 
equivalent to those present in the extracts were ineffective. 

Splenic extracts injected into the splenic artery contracted the spleen and 
produced strong pressor effects which could not be accounted for by discharge 
_ of blood from the contracting spleen. 

A comparison of Fig. 2 D-F shows that, like noradrenaline, the pressure 
response is more pronounced on injection into the splenic artery than into the 
splenic vein, and that the blood pressure rises more steeply and to a higher 
level, but for a shorter time, on intravenous injection. 

The effects of splenic extracts resembled more those of noradrenaline than 
of adrenaline, but there was the following difference: whereas the pressor 
response of an intravenous or intraportal injection of noradrenaline was 
followed by a secondary fall in blood pressure below the pre-injection level, 
this did not occur after the injection of splenic extracts. 

Sympathol. The hypertensive effect of sympathol, which is not a naturally 
occurring sympathomimetic substance, causes effects: like adrenaline when 

injected into the splenic artery, splenic vein and femoral vein. In some 
_ experiments the pressor response on injection into the splenic artery lasted so 


long that ee not return to its pre-injection Jevel within 
20 min. 
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Fig. 3. Respiration (upper tracing) and arterial blood pressure (lower tracing) from 6 kg cat. 
Comparison of intraportal and intravenous injections of noradrenaline and adrenaline. 
At a 8 ug/kg noradrenaline injected into the splenic, and at b into the jugular vein. At c 
16 yg/kg adrenaline injected into the splenic, and at d into the jugular vein. At the arrows 
drum stopped for 1 min. Time in 5 sec. 


DISCUSSION 
The finding that an injection of a given dose of either adrenaline, noradrena- 
line, sympathol or splenic extract into the splenic artery has a more pro- 
nounced and longer-lasting pressor effect on the arterial blood pressure than 
its injection into the portal vein via the splenic vein cannot be explained by 
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the fact that the injection of these substances into the splenic artery causes 
a discharge of splenic blood into the portal circulation by the contracting 
spleen, and thereby increasing the circulating blood volume, because the 
amounts of blood discharged are small and it could be shown that such 
amounts of blood injected into the splenic vein had no effect, or scarcely any, 
on the arterial blood pressure. Further, the difference in the pressor responses 
of these substances when injected into the splenic artery and vein occurred 
also when the experiments were made in conditions in which the spleen was 
contracted either by previous. stimulation of the splenic nerves or by a 
previous injection of these substances into the splenic artery. 

The old observation of Roy (1881) that the rhythmic contractions of the 
spleen are associated with rises in arterial blood pressure is therefore perhaps 
not wholly explained by the mechanical effect of a discharge of blood from the 
spleen, as was suggested by Barcroft, but by the release into the portal blood 
of vaso-active substances. Peart (1949) had found that the release of relatively 
large amounts of noradrenaline on stimulation of the splenic nerves does not 
occur when stimulation is repeated at short intervals. In the present experi- 
ments, with injections of sympathomimetic substances into the splenic artery, 
it is shown, however, that the pressor principle seemed to be released from 
the spleen into the circulation even whee the injections were repeated at 
relatively short intervals, 

Since splenic extracts contain siaidaine large amounts of noradrenaline, it 
is natural to assvme that. the pressor principle released from the spleen is 
noradrenaline itself, or that noradrenaline is at least responsible to a great 
extent for the effects observed. However, there are a few findings which 
suggest that the active pressor principle discharged from the spleen is not only 
noradrenaline nor noradrenaline plus adrenaline, but that, in addition, an 
unknown pressor principle is discharged. The pressor effect of noradrenaline 
and adrenaline when injected intravenously or intraportally is followed by 
a fall of blood pressure below the pre-injection level. This secondary depressor 
effect is absent after intravenous and intraportal injections of splenic extracts, 
as well as after the injection of the sympathomimetic substances into the 
splenic artery. 

Domenjoz & Fleisch (1940) found no real difference between the effect of 
adrenaline when injected into the splenic artery or intravenously. In the 
present experiments the differences in the effect of adrenaline when injected 
into these vessels was also not as pronounced as when the comparison was 
made between an injection into the splenic artery and the splenic vein. The 
main difference between an injection of adrenaline into the splenic artery and 
into the femoral vein consisted in the more prolonged pressor effect of the 
arterial injection. If Domenjoz & Fleisch had also compared the response of 
adrenaline when injected into the splenic artery with that of an injection 
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into the splenic vein, they would probably also have come to the conclusion 
that there must be a fundamental difference in the mechanism by which the 
apparently comparable pressor responses are produced on intravenous 
injections and on injections into the splenic artery. 

The possibility must therefore be considered that when the spleen is made 
to contract, either by sympathomimetic substances or by stimulation of the 
splenic nerves (Granaat, 1952), the resulting pressor response is due to a 
release of noradrenaline, perhaps of some adrenaline, and, in addition, of an 
unknown active principle, which would account for the finding that injections 
of sympathomimetic substances into the splenic artery have a prolonged ‘tonic’ 
effect on the circulation, particularly in dogs with a low blood pressure. The 
possibility that the spleen may secrete a hypertensive or tonic principle which 
is not identical with noradrenaline and adrenaline has also been suggested by 
Rei, Mertens & Biicherl (1949) and Rein (1951), and attributes a new 
function to this organ: i.e. that of releasing vaso-active substances into the 
circulation when contracting. Since rhythmic contractions of the spleen occur 
at regular intervals, the secretion of such substances would be a contributory 
factor in the maintenance of an efficient circulation. The results here described 
do not give any evidence of whether these substances have first to pass through 
the liver in order to become active, as suggested by Rein. 

The idea that the spleen is a storage organ for vaso-active substances which 
are released on its contraction raises the question whether these substances 
are formed in the spleen, or whether the spleen is able to absorb from the 
circulation the sympathomimetic substances released elsewhere and to store 
and modify them for future use. This possibility finds some support in the 
observations of Euler & Uddén (1951). 


SUMMARY 


1. A comparison is made of injections of sympathomimetic substances into 
the splenic artery, splenic and femoral vein, in order to find out if the pressor 
response associated with contraction of the spleen is accounted for by an 
increased circulatory blood volume, or by the release into the circulation of 
vaso-active substances. Most of the experiments were performed in dogs, 
some in cats. | 

2. The injections of 10-80 ml. of blood into the portal circulation of dogs, 
or of a few ml. into that of cats, produces scarcely any pressor effect. 

3. The injection of adrenaline, noradrenaline and sympathol into the splenic 
artery of dogs produces a pressor response which is greater and longer lasting 
than that produced by an injection of equal amounts of these substances into 
the splenic vein. 

4. The pressor effect of an injection of adrenaline, noradrenaline or 
sympathol into the splenic artery is approximately as great as that produced 
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by an injection of the same amounts of these substances into the femoral 
vein, but the duration of the effect is more prolonged with the arterial 
injections. 

5. The pressor responses to splenic extracts on injection into the splenic 
artery, portal or femoral vein resemble those of noradrenaline. 

6. An injection of a small dose of adrenaline into the splenic artery of a dog 
does not produce a fall of blood pressure as observed by West in corresponding 
experiments on cats. 

7. Comparison of the effects of intraportal and intravenous injections of 
noradrenaline and adrenaline confirms the results of West that the liver has 
a greater ability to inactivate adrenaline than noradrenaline. 

8. It is concluded that the pressor response obtained by injections of 
sympathomimetic substances into the spleen causes the release from the 
spleen of noradrenaline and an unknown vaso-active substance into the 
circulation, and that these substances are also released from the spleen when 
made to contract by stimulation of the splenic nerves. 

9. It is concluded that the rise of blood pressure associated with splenic 
contraction is not wholly accounted for by the mechanical effect of increasing 
the circulating blood volume due to the discharge of the blood stored in the 
dilated spleen, but by the release of these vaso-active substances. 

10. The possibility is discussed that by the release of these vaso-active 
substances the spleen may exert a ‘tonic’ effect on the blood pressure in 
normal and pathological conditions. 
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ANTIDIURETIC SUBSTANCES IN HUMAN URINE AFTER 
HAEMORRHAGE, FAINTING, DEHYDRATION 
AND ACCELERATION 


By R. L. NOBLE anp N. B. G. TAYLOR* 


From the Departments of Physiology and Medical Research, University 
of Western Ontario, London, Canada 


(Recewed 28 January 1953) 


Gilman & Goodman (1937) reported the presence of an antidiuretic substance 
in the urine of dehydrated rats. Evidence was presented that the antidiuretic 
substance was identical with the secretion of the posterior lobe of the pituitary 
gland. This work has been confirmed by others (Boylston & Ivy, 1938; 
Bundschuh & Kuschinsky, 1939; Hare, Hickey & Hare, 1941; Ingram, Ladd 
& Benbow, 1938). In contrast to these results, Walker (1939) found an anti- 
diuretic substance in the urine of normal rats but was unable to confirm that 
it was increased after dehydration or absent after hypophysectomy. Noble, 
Rinderknecht & Williams (personal communication) observed that when male 
or female human subjects were dehydrated by the exclusion of fluid from the 
diet, the urine contained an antidiuretic substance which they believed to be 
the posterior lobe hormone. No antidiuretic substance was found in the urine 
of subjects with a normal fluid intake. Similar findings have been reported 
for normal female subjects, both pregnant and non-pregnant (Teel & Reid, 
1939). Heller & Urban (1935) have shown that the rat can excrete injected 
posterior lobe extract in the urine; there are similar reports for other animals 
(Heller, 1937; Larson, 1938). Considerable evidence has been presented by 
Brun, Knudsen & Raaschou (1945a-d, 1946) that the antidiuresis following 
postural fainting is due to the liberation of hormone from the neurohypophysis. 

The experiments reported in this paper describe the presence or absence of 
an antidiuretic substance in the urine in a variety of conditions. A preliminary 
report of this work has appeared (Taylor & Noble, 1950), and our observations 
concerning the results of the intravenous infusion of vasopressin in man have 
since been confirmed by Burn & Singh Grewal (1951). 


ws Medical Research Fellow of the National Research Council of Canada. 
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METHODS 
Dehydration of rats 

The rate were deprived of food, but had free access to water in the 18 hr period preceding the 
experiment. At the start of the experiment they were deprived of water and placed over funnels 
in clean dry metabolism cages with wire-grid bottoms. There were four rats in each of eight cages. 
The urine was collected in beakers containing 5 ml. of 1% (v/v) acetic acid and « small amount 
of toluene as preservative. Precautions were taken to prevent the contamination of the urine 
with faeces. At the end of each 24 hr period the rate were transferred to clean dry cages and 
funnels and the used cages were carefully washed with a fine jet of distilled water. The urine and 
washings from all cages were pooled (forming one sample for each 24 hr period), strained to 
remove any foreign matter, concentrated in vacuo at low temperature to a specific gravity of 
1-020, and then extracted. The final volume of extract was such that 1 ml. extract represented 
the daily urine excretion of one rat. The experiment was terminated after 72 hr. 


Dehydration of man 
Human male volunteers were dehydrated by the exclusion from the diet of liquids and foods of 
high fluid content. The urine was voided at will, the time of voiding and the amount of urine 
being recorded. Three experiments were done, the period of dehydration being 48 hr in two of the 
experiments and 65 hr in the other. The specific gravity of the urine ranged from 1-030 to 1-040 
when voided. Each specimen was adjusted to a specific gravity of 1-010 with distilled water and 
extracted. The extracte were concentrated to 1% of the volume of urine at sp.gr. 1-010. 


Intravenous infusion of vasopressin 

The urine specimens were obtained during the course of experiments on the effect of vasopressin 
(Pitressin, Parke Davis) on the peripheral blood flow of healthy young adult male human subjects 
(Sunahara, Duncanson & Edholm, 1949). At the beginning of the experiment the subject emptied 
his bladder and this specimen was kept as a control. A continuous-drip intravenous infusion of 
physiological saline was started, and the vasopressin was injected into the tubing of the infusion — 
apparatus during a period of 10 min. The subject again emptied his bladder 4-5 hr after completion 
of the infusion of vasopressin. Both specimens of urine were adjusted to a specific gravity of 
1-010 with distilled water and extracted. The extracts were concentrated to 10% of the volume 
of urine at sp.gr. 1-010. 

Venesection experiments 

Opportunity for the study of urine after fainting arose out of experiments on the effect of 
venesection on the peripheral blood flow (Edholm, 1949). The following scheme outlines the 
experimental procedure and the collection of urine specimens. 
Before the experiment. The subject voided (control, specimen A). 

At 0 hr. The subject lay on a bed, legs horizontal, the trunk supported at an angle of 60° from 
the horizontal. He remained in this position until the blood pressure and heart rate were constant. 

At 2-2} hr. Venesection started. Blood was withdrawn from the right median basilic vein. If 
the subject fainted, venesection was discontinued immediately. The amounts of blood taken 
ranged from 359 to 1270 ml. 

At 24-8 hr. Venesection ended. The subject remained quietly on the bed until the blood pressure 
and heart rate again became constant. 

At 34-6 hr. The subject voided (specimen B) and the previously withdrawn blood was re-infused. 

At 7-8 hr. The experiment was ended. The subject voided (specimen C). The control specimen 
of urine -was not obtained in all experiments. In one experiment, two control specimens were 
obtained. The first was voided before the experiment and # second was collected in the 24 hr 
period after the experiment. All urine specimens were adjusted to a specific gravity of 1-010 with 
distilled water. The extracte were concentrated to 5% of the volume of urine at sp.gr. 1-010. 
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Non-haemorrhagic faints 

During the period when the venesection experiments were in progress urine specimens were 
obtained from three subjects who had fainted from causes other than haemorrhage. These faints 
resulted from comparatively minor physical or psychic trauma and were not related to the 
venesection experiments. One subject fainted from a purely psychic stimulus, one as a result of 
venepuncture and one after an accidental cut of the finger. Urine specimens were obtained at 
the first voiding after the faint and in two of the subjects we obtained a control specimen at a time 
remote from the faint. The dilution of the urine and the concentration of the extracts were the 
same as in the venesection experiments. 


* Black-out’ due to acceleration 

The urine for this study was obtained from the Institute of Aviation Medicine, Royal Canadian 
Air Force, Toronto. 

The subjects were prospective air-crew recruits whose tolerance to acceleration was being 
tested. They were placed in a seat which could be revolved around a point in a horizontal piane. 
The seat was so suspended that the centripetal acceleration was applied in the long axis of the 
subject’s body in a direction toward the head. The speed of rotation of the apparatus could be 
controlled and was slowly increased from zero to the point at which the subject became unconscious 
(‘blacked out’). After this point the subject was decelerated and the test ended. Urine specimens 
were obtained from each subject before and after blackout. The dilution of the urine and the 
concentration of the extracts were the same as in the venesection experiments. _ 


Extraction of urine 


Noble, Rinderknecht & Williams (1939) reported a new method for the extraction of pituitary 


(posterior lobe) hormone from urine, This method seemed superior to those previously employed 
for the purpose and has been used throughout the experiments described in this paper. The 
hormone is adsorbed on zinc ferrocyanide from which it is then eluted with 1% (v/v) ammonia in 
80% (v/v) aloohol. The ammonia and alcohol are removed by vacuum distillation and the dry 
residue is suspended in distilled water to form an extract of the desired volume. The advantages of 
the zinc ferrocyanide adsorption method are its reliability, the high recovery rate and the increased 
sensitivity occasioned by the factor of augmentation (vide infra). In agreement with Noble et al. 
(1939) we have found the method to recover consistently from 70 to 90% of the antidiuretic 
activity of pituitary (posterior lobe) extract added to urine. 


Test for antidiuretic activity 


The method of Burn (1937) has been used. A diuresis was produced in rate by the administration 
of water through a stomach tube. The material to be tested was injected into the animal sub- 
cutaneously or intraperitoneally immediately after the administration of the water. The results 
are expressed as the time at which 50% of the total urine excretion occurred and an increase in 
the 50% time indicates an antidiuresis. 

Male rate of the Sprague-Dawley strain, maintained on a diet of Masters Fox Chow cubes and 
water ad lib., have been the test animals throughout. When they weighed about 150 g they were 
given a dose of water (5% of body weight) by stomach tube to accustom them to the procedure. 
The urine output was not recorded on this occasion because it has been observed frequently that 
the diuresis after the administration of water for the first time is irregular. The tests were carried 
out, starting 1 week after the preliminary procedure, at intervals of not less than 1 week until the 
At this time they were 


Injection of extracts. Under certain conditions of assay the apperent antidiuretic activity of the 
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posterior lobe antidiuretic hormone may be increased. The factors governing this augmentation 
have been studied by Noble et al. (1939). When extracts of urine, made by adsorption on zinc 
ferrocyanide and previously shown not to exhibit antidiuretic activity when injected subcut ly, 
were mixed with known amounts of commercial pituitary (posterior lobe) extract and tested by 
subcutaneous injection, the apparent antidiuretic activity of the mixture was 2-3 times as great 
as that found when the pituitary (posterior lobe) extract was diluted in 0-9 % (w/v) sodium chloride 
solution and tested under similar conditions. We have confirmed this observation repeatedly. 
Augmentation of antidiuretic activity may be avoided by the use of intraperitoneal rather than 
subcutaneous injections. The intraperitoneal injection of extracts sometimes, however, causes 

irritation and a non-specific suppression of diuresis of sufficient degree to interfere with 
the detection of small amounts of antidiuretic activity. The non-specific suppression of diuresis 
has not been seen after subcutaneous injection of either 0-9°% sodium chloride solution or non- 
active urine extracts. For this reason, non-injected animals have served as controls for those tests 
in which the extracts have been injected subcutaneously. In the experiments reported here, 
injections have been made subcutaneously to detect small amounts of antidiuretic substance, 
intraperitoneally for quantitative assays and by both methods when the quantity of extract was 
sufficient to permit it. When a test of an extract by subcutaneous injection failed to demonstrate 
antidiuretic activity, this was taken as the true result even when intraperitoneal injection caused 
an increase in the 50% time. Such an increase was never great and was attributed to non-specific 
effects of the intraperitoneal injection. , 

Presentation of results. Results expressed as milliunits (mU) of pituitary (posterior lobe) anti- 
diuretic hormone have been derived from the dose-response curve (Fig. 1) made by plotting known 
amounts of the hormone against the corresponding 50% times found after intraperitoneal injec- 
tion. In these experiments the hormone was mixed with a urine extract previously shown by 
subcutaneous injection not to exhibit antidiuretic activity. When applicable, results have been 
given as: mean in minutes + standard error, followed by the number of determinations in brackets. 
In all cases, four rate were used in making each determination. 

The number of determinations in any one extract has been limited by the amount of extract 
(i.e. urine) available. The same limiting factor has precluded any further attempt to characterize 
the antidiuretic substance by estimation of its stability to heat and alkali. 

Differences between means have been tested for significance by Student’s ¢ test for small and 
unequal series (Brownlee, 1949). 


RESULTS 
Dehydration in rats and in man 
Fig. 2 shows the results obtained by the intraperitoneal injection of extracts 
of the urine from rats after dehydration for 24, 48 and 72 hr. The volume of 
extract injected was equal to 0-25 ml./100 g rat body weight. The total volume 
of each extract was such that 1-0 ml. represented the daily excretion of urine 


_ for one rat. The mean 50%, times for 24, 48 and 72 hr extracts were, respec- 


tively, 99 min + 1-4 (3), 135 min +5-0 (2) and 161 min+ 13-0 (4). The results 
for the 48 and 72 hr extracts both differ significantly from that for the 24 hr 
extract, P in each case being <0-001. Comparison of these results with Fig. 1 
indicates that no detectable antidiuretic substance was excreted in the first 
24 hr period, whereas in the second and third 24 hr periods there was excreted 
the approximate equivalent, respectively, of 15 and 25 mU vasopressin per rat. 

The results for the dehydration of human subjects are given in Fig. 3. It 
should be noted that in these tests all the injections (0-5 ml. extract/100 g rat 
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body weight) were given subcutaneously and that the results are not strictly 

quantitative. 
Subject 2 excreted antidiuretic substance in the first period of dehydration, 

but otherwise the results in the human subjects were similar to those in the 

rats. An extract made from urine voided by subject 2 when he was known to 
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Fig. 1. Dose-response curve for the intraperitoneal injection of pituitary (posterior lobe) extract 
(P.P.L.B.) mixed with an extract of urine previously shown not to exhibit antidiuretic activity 
when tested by subcutaneous injection. The volume of each injection was 0-5 ml./100 g rat 
body weight. Vertical lines: +8.. Figures in brackets: no. of determinations. 


be hydrated failed to cause an antidiuresis in the test animals [50% time 
78-5 min + 8-5 (2)]. 

In the calculation of means for statistical analysis, the first specimen voided 
during dehydration has been excluded. The mean for all other specimens from 
any one subject has been compared with the mean 50% time for an uninhibited 
(non-injected) water diuresis in the same rats as were used for the tests. The 
experimental results are given below, followed by the control values in 
brackets. Subject 1: 120-8 min +10-2 (8) [85-0 min+2-7 (12)]; subject 2: 
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194-0 min + 19-7 (9) [81 min + 3-9 (12)}; subject 3: 127-0 min + 3-6 (3) [90-0 min 
+ 33 (12)]. In each case, the experimental value is significantly greater than 
the control (P < 0-001). From separate assays (not shown in Fig. 3) by 
intraperitoneal injection, it has been estimated that the total excretion of 
antidiuretic substance in subject 3 was the equivalent of approximately 


40 mU of vasopressin in the period from 21 to 33 hr and 70 mU in the period 
from 33 to 48 hr. : | 


180 


—_ 


Degree of antidiuresis (50% time in minutes) 


0-24 44 8-72 


Fig. 2. Antidiuretic effects of extracts of urine from dehydrated rats. Intraperitoneal injection 

_ of 0-26 ml. of extract per 100 g body weight of the assay rat. This amount of extract represents 

25 % of the daily urine excretion of one dehydrated rat. Figures in brackets: no. of determina- 
tions. Vertical lines: +s.2. Figures beneath bars: period of dehydration in hours. 


| Infusion of vasopressin in man 

In each of seven experiments the subject became very pale and had an 
antidiuresis lasting from 1} to 3 hr following the intravenous infusion of 
vasopressin in doses ranging from 3-5 units. The subcutaneous injection into 
rats of extracts of the urine voided by the subjects before the infusion pro- 
duced no antidiuresis in the test animal, whereas the subcutaneous injection of 
extracts of the urine voided after the infusion invariably caused a marked 
antidiuresis. In Fig. 4 are presented the results of the intraperitoneal injection 
of the extracts. Some of the extracts made from urine voided before the 
infusion caused an antidiuresis when injected intraperitoneally, but in each 
PH. OXXIl. 15 


| 
| 
4 j 
ae P, 
‘ 
% 
4 cn 


R. L. NOBLE AND N. B. G. TAYLOR 


270 
240 


B20 @) 
180 (2). Q) 
150 (3) @) 12, (2) 


‘36 2120 (4) (4) 


Fig. 3. Antidiuretic effects of extracts of urine from dehydrated human subjects. Subcutaneous 
injection of 0-5 ml. extract (representing 50 ml. of urine adjusted to specific gravity 1-010) 
per 100 g rat body weight. Interrupted lines: 50% time for an uninhibited (non-injected) 
water diuresis in the same rate used for the tests (see text). Vertical lines: +s.2. Figures 
over bars: no. of determinations. Figures under bars: no. of hours dehydration and specific 
gravity of urine before dilution to 1-010 for extraction. The subcutaneous injection of an 
extract of urine from subject 2 voided when he was hydrated caused no antidiuresis in the 
test animals (50% time: 78-5 min + 8-5 (2)}. 
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Fig. 4. Antidiuretic effects of extract of urine from human subjects before and after the intra- 
venous infusion of vasopressin. The effects follow the intraperitoneal injection of 0-5 ml. of 
extract (representing 50 ml. of urine at a specific gravity of 1-010) per 100 g rat body weight. 
Open bars: extract of urine voided before infusion. Solid bars: extract of urine voided after 
infusion. Figures over bars: no. of determinations. Amount of vasopressin infused is shown 
under each experiment. 
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case the 50% time of the extracts of urine voided after infusion was greater 
than the 50% time of the corresponding extract of urine voided before the 
infusion. The apparently increased 50%, times following the intraperitoneal 
injection of extracts of urine voided before the infusion have been rejected as 
false for the reasons given earlier. 

In assessing the statistical significance of these experiments, the mean of all 
the results from the tests made on the extracts of urine voided before the 
infusion of vasopressin has been compared with that of the specimens voided 
after the infusion. The mean for the pre-infusion extracts is 115-9 min + 3-9 (14) 
and for the post-infusion extracts is 156-4 min + 4-2 (19). These means differ 
significantly (P < 0-001). 

On the assumption that the excreted antidiuretic substance was vasopressin, 
it has been calculated that the mean excretion was approximately 13% of the 
amount infused, with a range 4-5-30-0% (Table 1). 


Taste 1. Excretion of antidiuretic substance after infusion of vasopressin 
The inhibition of diuresis in the rat following the intraperitoneal injection of extracts of urine 
extract grat body weight. Activity expressed as equivalents of vasopressin per 0-5 ml. extract. 


Assay of extract of post-infusion medial 
Amount Degree of Volume  ([(4)*()] Excretion 
infused antidiuresis (50% Activity extract 0-5 as % of 
Subject (units) time in min) (mU) (ml.) (mU) dose given 
(1) (2) (3) (4) (5) (6) (7) 
1 5 179+4-0 (3) >120 35 >840 >16-8 
2 4 155+ 2-4 (4) 55 43 473 118 
3 4 165+3-0 (2) 6-5 42 546 13-6 
4 4 180+3-0 (2) >120 50 >1200 >30-0 
5 + 151+3-6 (3) 45 20 180 4-5 
6 3 133+4-9 (4) 3-5 27 189 6-3 
7 3 135 (1) 3-5 28 196 6-5 
Mean percentage excretion 12-8 
Venesection experiments 


The results of fourteen experiments are presented. In seven of these the 
subjects fainted and in the remaining seven there was no faint. When a subject 
fainted as a result of either venesection or venepuncture, the urine voided 
subsequently always contained an antidiuretic substance. Fig. 5 presents 
graphically the results of these experiments. The extracts of urine were tested 
for antidiuretic activity by the subcutaneous injection of 0-5 ml. extract/100 g 
body weight of the test animal. 

Subject 6 fainted during venesection but was unable to void until after the 
re-infusion of blood. The specimen represents excretion during the whole 
experiment, with no differentiation possible between the urine excreted after 
the venesection and that excreted after the infusion. Subject 11 ~— _— 
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the venesection and again approximately 2 hr later during venepuncture for 
the re-infusion of blood. Subject 9 also fainted during venepuncture for the 
re-infusion of blood, although he had failed to do so during the previous 
venesection when 1100 ml. of blood were withdrawn. With the exception of 
subject 10, the antidiuretic substance was found in the first specimen voided 
after fainting. The specimen voided by subject 10 immediately after fainting 
(after venesection) contained little or no antidiuretic substance, whereas the 
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Fig. 5. Antidiuretic effects in rats following the subcutaneous injection of extracts of urine from 
human subjects who fainted as a result of venesection. The volume of all injections was equal 
to 0-5 ml. of extract/100 g of rat body weight. Letters beneath the bars refer to time specimen 
was voided: A, before experiment; B, after venesection; C, after re-infusion of blood; 
D, after experiment. Lowest row of figures indicates volume of blood withdrawn by vene- 
section. Interrupted line drawn at the level of the mean 50% time for an uninhibited (non- 
injected) water diuresis in the same rats as used in- the tests [97-4 min+3-4 (15)]. Figures 
over bars: no. of determinations. Arrows indicate time of fainting relative to the times of 


next specimen voided 2 hr later, after the re-infusion of blood, had antidiuretic 
activity. The significance of this experiment will be discussed later. In assessing 
the results of these experiments the mean for all determinations performed on 
urine voided immediately before fainting has been compared with that for all 
determinations on the urine specimens voided first after fainting. In the cases 
of subjects 1 and 6 there were no ‘pre-syncopal’ urine specimens. The mean 
50% time of the assays of ‘pre-syncopal’ urine specimens is 100-8 min + 4-5 
(10) and of ‘ post-syncopal’ specimens, 189-6 min + 5-2 (15). These means differ 
significantly (P<0-001). The mean 50% time for the uninhibited (non- 
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voiding the urine specimens. 
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injected) water diuresis of the same rats as were used in the tests is 97-4 min + 
3-4 (15). This mean does not differ significantly from that resulting from the 
tests of ‘pre-syncopal’ urine specimens (P>0-1). From assays by intraperi- 

toneal injection (subjects 11, 13 and 14), it has been estimated that the 
equivalent of 85-372 mU of vasopressin were excreted in the urine after 
a faint (Table 2). On the assumption of 13% excretion in the urine, this 
corresponds to a liberation of 0-7-3-0 units of pituitary (posterior lobe) 
hormone. Fig. 6 presents the results of the experiments in which the subjects 
did not faint. The tests were made by the subcutaneous injection of 0-5 ml. 


TaBLe 2. Excretion of antidiuretic substance after haemorrhagic fainting 


The inhibition of diuresis in the rat following the intraperitoneal injection of extracts of urine 
y weight. 


Calculated 
liberation of 
Total activity lobe 
excreted 
Degree of Volume ((4) x (5)) » x “100 x x1) 
Urine antidiuresis Activity* extract 13,1000 
Subject specimen (50% time in min) (mU) (ml.) (mV) (units) 
ll B 145+ 9-0 (2)t 5 22-0 220 1-7 
C 136 + 13-5 (2) 2-5 28-0 140 1-1 
13 B 186+ 15-0 (2) >12 >155 >372 >2-9 
14 B 136+ 7-5 (2) 2-5 17-0 85 0-7 


water diuresis, 100 min+4-8 (8). 
extract/100 g rat body weight. In the calculation of means, the results for 
subjects 2 and 12 have been excluded. The mean 50%, time following the 
injection of extracts of urine voided after venesection (86-6 min + 3-8 (15)) 
differs significantly from that of the subjects who fainted (189-6 min + 5-2 (15); 
P <0-001) but does not differ significantly either from the mean of the results 
for the ‘ post-infusion’ specimens of subjects who did not faint (90-1 min + 3-5 
(15); P>0O-1) or from the mean 50%, time of an uninhibited (non-injected) 
water diuresis (92-7 + 2-4 (12); P>0-1) in the same animals as were used in 
the tests. 

It can be seen (Figs. 5, 6) that there was no correlation between the amount 
of blood withdrawn and the occurrence of fainting. 


Fainting not associated with venesection or appreciable blood loss 
Table 3 gives the results obtained in three subjects who fainted with little 
or no blood loss. In each case, antidiuretic substance was excreted after 
fainting. Specimens of urine voided at a time remote from the faint were 
obtained from two of the subjects. Neither of these exhibited antidiuretic 


activity. Subject 17 did not lose consciousness, although he had other 
symptoms of fainting (pallor, faintness and nausea). 
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Subject 2 3 4 5 7 8 12 
Volume 
(mi.) 359 840 850 1000 1150 1000 1270 


Fig. 6. Results of the intraperitoneal injection into rate of extracts of urine from human subjects 
who did not faint as a result of venesection. Conventions as in Fig. 5. 


TasB.e 3. Excretion of antidiuretic substance after non-haemorrhagic fainting 


The inhibition of diuresis in the rat following the subcutaneous injection of 0-5 ml. extract of 
urine from human subjects after faints not associated with venesection. 


of 
antidiuresis 
Time of voiding (50% time in 
Subject Cause of faint urine specimen minutes) Interpretation 
15 Conditioned reflex 1 hr after fainting 177 (1) Marked anti- 
(fear) diuresis 
Remote from 84 (1) No antidiuresis 
fainting (control) 
16 ——— 3 hr after fainting 250 (1) Very marked 
( with- antidiuresis 
drawal of blood) 
8 hr after fainting 143-541-5(2)* Moderate anti- 
diuresis 


17 Cut of 1 hr after fainti 196 + 2-0 (2 Marked anti- 
diuresis 


Remote from 8744-8 (3) No antidiuresis 
fainting (control) 
* Results given as mean 50% time+s.&. (no, of determinations); mean for an uninhibited 
water diuresis, 97 min +2 (21). 
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“Black-out’ due to acceleration 

The urine from nine subjects has been tested. The acceleration at which the 

subjects became unconscious ranged between 4-0 and 6-5 g (acceleration due to 


gravity). In no case did an extract of urine voided before or after blackout 
cause significant antidiuresis in the test animal (P >0-3 in all tests). 


DISCUSSION 


An antidiuretic substance has been found in the urine of human subjects 
following the intravenous infusion of vasopressin, and we have assumed that 
the antidiuretic substance is vasopressin. The results indicate that 4-5-30%, 
of the vasopressin infused is excreted in the urine and that the mean excretion 
is 13%. These results are analogous to those reported in the experimental 
animal (Heller & Urban, 1935; Heller, 1937; Larson, 1938; O’Connor, 1950), 
and suggest that the proportion of vasopressin excreted increased with the 
amount infused in agreement with Heller (1937). 

The finding of an antidiuretic substance in the urine of dehydrated rats and 
human subjects confirms previous reports. Convincing evidence has been 
presented in these reports that the antidiuretic substance is the pituitary 
{posterior lobe) hormone (Gilman & Goodman, 1937; Boylston & Ivy 1938; 
Ingram et al. 1938; Bundschuh & Kuschinsky, 1939; Teel & Reid 1939; Hare 
et al. 1941). 

The observation that roughly 13°% of infused vasopressin is excreted in the 
urine has been applied to estimate rate of liberation of pituitary (posterior 
lobe) hormone during dehydration. In subject 3 (110 kg), the calculated rate 
was 4-1 «U/kg/min in the second, and 5-3 in the final period of dehydration. | 
In the rats (average weight 250 g), the calculated rate was 300 1 U/kg/min in 
the second, and 515 in the final period of dehydration. The calculated rate of 
liberation of hormone by the rats is of the same order as that reported by 
O’Connor (1950) following the administration of hypertonic saline by stomach 
tube (120-1400 ~U/min in dogs weighing 8-15 kg). The calculated rate of 
liberation of hormone in the rats was much greater per unit weight than in the 
human subject and may have been due to more severe dehydration of the rats. 
On the other hand, the total amount liberated was greater in the human sub- 
ject, and the calculated rate for this subject was in agreement with those 
reported for the non-hydrated dog (Shannon, 1942, 0-2-1-0 »U/kg/min; 
Verney, 1946, 1-0 U/sec). 

The results in ‘black-out’ and in venesection without fainting are un- 
equivocal in that no antidiuretic substance was found in the urine at any time 
during the experiments. Conversely, when the subject fainted from any cause 
there was always antidiuretic substance in the urine voided subsequently, and 
except in the case of subject 10, the antidiuretic substance was found in the 
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first specimen of urine voided after the faint. According to Brun et al. (1946) 
the post-syncopal oliguria lasted from 30 to 90 min. The failure to find anti- 
diuretic substance in the first post-syncopal urine specimen of subject 10 may 
be explained by assuming that the oliguria lasted until after the first voiding. 
This specimen would be composed mainly of urine secreted before the faint 
and would not exhibit antidiuretic activity. Under these circumstances, 
antidiuretic substance liberated at the time of fainting would appear in the 
second post-syncopal urine specimen, as was observed. 

Antidiuretic substance was excreted for a variable period of time after 
fainting. In the case of two subjects (nos. 1 and 14), the excretion was 
complete at the first post-syncopal voiding 14-4 hr after fainting since no 
antidiuretic substance was found in the second specimen voided. In the case 
of four other subjects (nos. 9-11 and 13), the excretion was sufficiently pro- 
longed that antidiuretic substance was found in the second post-syncopal 
specimen of urine voided 5-6 hr after fainting. This variability may represent 
prolonged production or delayed excretion, or may be due to the range of time 
after fainting at which the first post-syncopal specimens of urine were voided. 
_ The urine voided by subject 13 before the experiment had slight antidiuretic 
activity when tested by subcutaneous injection. This finding was unusual 
because the urine of many normal subjects has been tested and found not to 
exhibit antidiuretic activity under ordinary circumstances. The experiment 
on subject 13 was done on a hot summer day and he may have been dehydrated. 

Subject 17 did not lose consciousness, although he had other signs and 
symptoms of fainting, including faintness, nausea, pallor and sweating, and 
subsequently excreted an antidiuretic substance in the urine. Another subject 
(not reported in the present series) excreted antidiuretic substance in the 
urine after a severe psychic trauma. He did not lose consciousness nor did his 
urine contain antidiuretic substance at other times. These results indicate that 
loss of consciousness may not be an integral part of the vaso-vagal syndrome. 

We have no direct evidence as to the identity of the antidiuretic substance 
found in the urine of our experimental subjects after fainting. The intravenous 
infusion of vasopressin in doses of from 3 to 5 units during 10 min is followed 
by pallor, sweating, abdominal discomfort, nausea (Sunahara et al. 1949), an 
inhibition of diuresis and the excretion of an antidiuretic substance in the 
urine. These signs and symptoms also accompany a vaso-vagal attack and our 
findings, therefore, support the hypothesis of Brun et al. (1945a-c, 1946) that 
there is a reflex stimulation of the neurohypophysis during fainting. A con- 
sideration of the various other procedures that have been reported to cause 
stimulation of the neurohypophysis may elucidate the mechanism by _— 
such stimulation is effected in fainting. 

Acetylcholine (Pickford, 1939, 1947; Chalmers & Lewis, 1951), aa 
fluorophosphonate (DFP) (Duke, Pickford & Watt, 1950), nicotine (Burn, 
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Truelove & Burn, 1945; Chalmers & Lewis, 1951), cigarette-smoking (Burn 
et al. 1945; Walker, 1949; Chalmers & Lewis, 1951; Taylor & Walker, 1951), 
exercise (Rydin & Verney, 1938), emotional stress (Rydin & Verney, 1938; 
O’Connor & Verney, 1942, 1945), suckling (Cross, 1951), pain (Kelsall, 1949, 
1951; Chalmers & Lewis, 1951), postural fainting (Brun et al. 1945¢, d, 1946), 
arterial haemorrhage (Rydin & Verney, 1938), electrical stimulation of the 
central end of the divided vagus nerve (Lim and collaborators; see Chang, 
Chia, Hsu & Lim, 1937; Chang, Chia, Huang & Lim, 1939), and direct electrical 
stimulation of the supraoptic nuclei (Haterius & Ferguson, 1938; Haterius, 
1940; Ferguson, 1941; Harris, 1948a, 6) have all been reported to cause 
liberation of hormone from the neurohypophysis. The studies of Rechnitzer 
& Noble (1950) and Taylor & Noble (1950) indicate that the neurohypophysis 
may also be stimulated during the electro-convulsive shock therapy of human 
subjects. The action of acetylcholine, nicotine, cigarette-smoking and DFP is 
directly upon the supraoptic nuclei, and there is no counterpart to these 
stimuli, or to direct electrical stimulation of the neurohypophysis, in our 
experiments. Emotional stress and pain correspond to the psychic stress and 
venepuncture which caused fainting and the liberation of antidiuretic sub- 
stance in some of our experiments. These results and the response of the 
neurohypophysis to suckling indicate that the primary stimulus to cause a 
liberation of hormone from the neurohypophysis may arise in the cerebrum or 
in peripheral sensory nerves. 

The postural fainting studied by Brun et al. (1945c, d, 1946) was produced 
by seating the subject so that blood accumulated in the dependent legs. The 
subjects literally ‘bled into their own veins’, the vascular effects of which are 
very similar to haemorrhage resulting from arterial puncture (Rydin & Verney, 
1938) or from venesection. It is difficult to explain the liberation of hormone 
after these procedures as being due to either peripheral sensations or psychic 
influences, and it may be that the responses are initiated by the fall in blood 
pressure which follows a loss of blood or a decreased venous return to the heart. 
It is known that sensory fibres of the vagus respond to changes in blood 
pressure and the experiments of Lim et al. have shown that the stimulation of 
vagal afferents causes a liberation of pituitary (posterior lobe) hormone. These 
facts suggest that the liberation of hormone after postural fainting, arterial 
haemorrhage, or fainting due to venesection may result from the stimulation 
of visceral sensory fibres of the vagus. 

Rydin & Verney (1938) first drew attention to the inhibitory effect of the 
sympathetic nervous system on reflex stimulation of the neurohypophysis. 
In experiments with dogs, they found that the withdrawal of small amounts 
of blood by arterial puncture caused a pituitary type antidiuresis only if a 
previous operation had been done to decentralize the abdominal sympathetic 
system and section the splanchnic nerves. Subsequently, O’Connor & Verney 
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(1945) showed in normal dogs that emotional stress sometimes caused a pitui- 
tary type antidiuresis, whereas after abdominal sympathectomy and section 
of the splanchnic nerves emotional stress invariably caused a pituitary type 
antidiuresis. The antidiuresis could be prevented, in both normal and ‘sympa- 
thectomized’ dogs, by the administration of adrenaline by vein in doses of 
approximately 1-5 ug/kg. The effect of adrenaline on the antidiuresis resulting 
from the pain of ischaemic muscle has been studied in man by Kelsall (1949) 
and by Chalmers & Lewis (1951). In Kelsall’s experiments, adrenaline pre- 
vented the antidiuresis in one subject, gave an equivocal response in another, 
and was without effect in the remaining three subjects. Chalmers & Lewis gave 
adrenaline to two subjects before and during the period of pain. In neither 
subject was the antidiuresis prevented. Before these results are interpreted 
as refutation of the work of O’Connor & Verney, it should be noted that the 
conditions of the experiments, apart from species, have not been duplicated 
by the subsequent workers. Either the route of injection was different or the 
dose of adrenaline was smaller. Furthermore, the dose of adrenaline used by 
O’Connor & Verney was sufficient to’cause a transitory inhibition of urine flow, 
whereas no such effect was reported by Kelsall or by Chalmers & Lewis. 
Evidence that the dose of adrenaline was insufficient may also be adduced from 
the notation by Kelsall that the one subject in whom adrenaline prevented an 
antidiuresis also showed more marked effects fromthe adrenaline injection 
than any other subject. , 

The observation of O’Connor & Verney on the relationship between adrena- 
line and sympathetic activity on one hand, and the liberation of hormone from 
the neurohypophysis on the other, may be pertinent to the experiments here 
reported. The variable responses of our experimental subjects to venesection 
might be explained on the basis of a higher level of sympathetic activity in 
those who did not excrete antidiuretic substance, and a lower level in those 
who did. Similarly, it is suggested that a liberation of adrenaline as a result of 
stimulation of the carotid sinus during centripetal acceleration could prevent 
any liberation of pituitary (posterior lobe) hormone which might otherwise 
occur. 

SUMMARY AND CONCLUSIONS 

1. The urine of human subjects, voided after venesection, fainting and 
‘black-out’ due to centripetal acceleration, has been extracted by a method 
employing adsorption on zinc ferrocyanide and the extracts tested for anti- 
diuretic activity by the rat method of Burn. 

2. In fourteen venesection experiments, seven subjects fainted and seven 
did not. There was no quantitative correlation between the amount of blood 
withdrawn and the occurrence of fainting. 

3. Three additional subjects fainted following physical or psychic trauma 
not associated with venesection or more than slight blood loss. 
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4. All subjects who fainted subsequently excreted an antidiuretic substance 
in the urine. 


5. No antidiuretic substance was found: (i) in the urine of subjects who did 


not faint; (ii) in the pre-syncopal urine of the subjects who fainted; and (iii) in 
the urine voided before or after ‘black-out’. 

6. The failure to detect antidiuretic substance in the urine of normal 
subjects should not be taken as a statement that such urine contains no anti- 
diuretic substance. The point to be made is that, under standardized conditions 
of extraction and assay, antidiuretic substance was found under experimental 
conditions and not in the controls. 

7. The excretion of antidiuretic substance appears to be related directly to 
fainting and only indirectly to the stimulus which initiates the faint or to 
cerebral anoxia. 

8. Fainting and ‘black-out’ are basically different reactions. 

9. Our observations are in agreement with the hypothesis of Brun et al., 
that there is a liberation of hormone from the neurohypophysis during or after 
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done many of the extractions; and to Mr E. Pedersen for his assistance in the assays. This work 
has been made possible through the continued interest and generosity of Dr J. B. Collip, and has 
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Work on cat, human, avian and frog skeletal muscle (Paton & Zaimis, 1952) 
led to the conclusion that true neuro-muscular block is mainly produced by 
two different processes: (a) by competition with acetylcholine at the motor 
end-plates; and (b) by long lasting depolarization of the motor end-plates. 
Experiments carried out upon other mammalian species reveal the possibility 
of a third mode of neuromuscular block which combines the two processes 
mentioned above. These experiments show the characteristics of such a neuro- 
muscular block and provide evidence that differences in the motor end-plates 
are a determining factor in the mode of action of a substance at the neuro- 


muscular junction. A preliminary account of this work has already appeared 
(Zaimis, 1952). 


METHODS 


The mammalian species used have been the cat, monkey, dog, rabbit and hare. Chloralose alone 
was used as an anaesthetic for the cats, the dose given being 80 mg/kg. To the other species 
between 100 and 120 mg/kg of chloralose was given, but in a few experiments it proved necessary 
to supplement this anaesthetic with a small dose of pentobarbitone sodium. The injections of 
chloralose were made into the saphenous vein. 

Twitches and tetani of the tibialis, soleus and flexor digitorum sublimis muscles were excited 
by twice-maximal shocks of 0-2 msec duration, applied to the tied sciatic nerve in the thigh. 
In some experiments records of the mechanical response of two muscles in the same leg were 
recorded on the same drum. 

Injections were made intravenously or intra-arterially. For the intra-arterial injection the 
external iliac of the non-operated leg was cannulated towards the bifurcation of the aorta. The 

jected was carried to 0 » i was recorded 
perated leg. Respiration by the apparatus described 
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RESULTS 
Decamethonium 
Monkeys. The investigations with which this paper deals started with the 
surprising observation that while a first intravenous dose of 0-3 mg/kg of 
decamethonium into a monkey produced a transitory 95% paralysis of the 


tibialis muscle, a subsequent dose injected after the complete recovery of the 
twitch was without effect (Fig. 1 a~c). This is in contrast with the effect of 


Fig. 1. a-c, monkey, 3-3 kg. Contractions of tibialis excited by supramaximal shocks to the 
sciatic nerve, every 10 sec. At (1) and 30 min later at (2), intravenous injection of 1 mg of 
decamethonium iodide; 10 min later at (3) and (4) injections of 1 mg of decamethonium 
iodide. At (5) tetanic stimulus to motor nerve, 50/sec. d, from another experiment, 
Monkey, 8 kg. Chloralose. Tibialis: nerve shock every 10 sec. At (1) intravenous injection 
of 10 mg of decamethonium iodide (following three smaller doses of decamethonium). At (2) 
2 mg neostigmine methylsulphate 1.v. At (3) tetanic stimulus to motor nerve, 50/sec. 


decamethonium on the tibialis muscle of the cat, where a further dose produces 
a greater paralysis. But this is not the end of the story, for in a monkey the 
block is rarely preceded by potentiation of the twitch and then only to a very 
slight degree; the tetanus is not well maintained and antagonizes the block 
which is also antagonized by neostigmine (Fig. 1d). In short, the characteristics 
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of this block differ from those of a block produced by pure depolarization, 
which is usually preceded by a brief period of fasciculation of the muscle and 
potentiation of the single twitches, and in which the tension of a tetanus is 
well maintained during the block while neostigmine and tetanus are not 
antagonists. 

If one records simultaneously the contractions of the tibialis and soleus 
muscles in a cat, results show that the tibialis is much more sensitive to 
decamethonium than the soleus. The same muscles differ in sensitivity to 


Fig. 2. Dog, 10 kg. Simultaneous records of supramaximal motor nerve twitches of tibialis (upper 
record) and flexor digitorum sublimis (lower record). At (1), (2), (4) and (5) intravenous 
injection of 1 mg of decamethonium. At (3) 1 mg neostigmine methylsulphate 1.v. At (6) 
and (7) tetanic stimulus to motor nerve, 50/sec. 


p-tubocurarine but in the opposite way (Paton & Zaimis, 1951). If one now 
records the contractions of the tibialis and soleus muscles in a monkey the 
first dose of decamethonium causes a paralysis of tibialis, but has little effect 
on soleus. When the doses are progressively increased it is found that tibialis 
becomes less and less sensitive but soleus is increasingly affected. When the 
paralysis of the soleus starts spontaneous respiration stops. Briefly we start 
with the picture as in a cat given by decamethonium and finish with that given 
by p-tubocurarine. 

On the other hand, the block produced in the monkey by p-tubocurarine 
has all the well-known characteristics of that produced by competition with 
acetylcholine; it is not preceded by stimulation and is antagonized by a tetanus 
or neostigmine. During the block the muscles cannot maintain a tetanus and 
show an increasing sensitivity to subsequent doses of p-tubocurarine. 

Dogs, rabbits and hares. A number of tests were also made upon dogs and 
rabbits. The results show that the neuromuscular block produced by decame- 
thonium in these species has the same characteristics as that in the monkey. 
This is clearly indicated in Figs. 2 and 3. The muscles show the same decreasing 
sensitivity and under the influence of decamethonium they cannot maintain 
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a tetanus. Moreover, the block is antagonized by tetanus and by neostigmine, 
and potentiated by p-tubocurarine. The only difference between the dog and 
rabbit is that the block produced by the first dose of decamethonium is. 
always preceded in the rabbit (Fig. 3, 1) by potentiation of the twitch. 


5 67 8 , 9 10 11 


Fig. 3. Rabbit, 3 kg. Contractions of tibialis excited by supramaximal shocks to the sciatic 
nerve, every 10 sec. At (1), (3) and (4) intravenous injection of 0-6 mg of decamethonium 
iodide. At (2) and (7), tetanic stimulus to motor nerve, 50/sec. At (5) 2 mg atropine sulphate 
1.v. At (6) 1-8 mg decamethonium iodide 1.v. At (8) and (11) intravenous injection of 
0-5 mg neostigmine methylsulphate. At (9) 1 mg decamethonium iodide and at (10) 0-5 mg 
p-tubocurarine chloride 1.v. 


The following phenomenon deserves attention as it frequently occurs and is 
difficult to explain.’ It has been observed that whereas a first dose of neo- 
stigmine given during a neuromuscular block antagonizes the block effectively 
a second dose given during a subsequent dose is a far less effective antagonizer. 
This is clearly indicated in Fig. 3. The same phenomenon occurs when the 
block is produced by p-tubocurarine. 

Results of an experiment carried out on a single wild hare are illustrated 
in Fig. 4 and are sufficiently clear-cut to be worth recording. Here again the 
block produced by decamethonium has the same peculiar characteristics: 
decreasing sensitivity of the muscles to subsequent doses, the tetanus very 
poorly sustained, neostigmine effectively antagonizing the block and no sign 
of stimulation preceding it. 
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Other depolarizing substances 
An attempt was then made to study the actions of succinylcholine, a neuro- 
muscular blocking substance believed to produce its actions in the cat and in 
avian muscle by pure depolarization. The results obtained with this substance 
in the monkey and the dog are shown in Figs. 5 and 6. It is clear that in these 
species succinylcholine produces a block similar to that produced by decame- 


yong 


Fig. 4. Hare, 3 kg. Simultaneous records of supramaximal motor nerve twitches of tibialis (upper 
record) and soleus (lower record). At (1) intravenous injection of 0-5 mg, followed at (2) by 
rr Papmnits iodide. At (3) and (4) tetanic stimulus to motor nerve, 50/sec. 30 min 

at (5) decamethonium iodide, 1 mg 1.v. At (6) 1 mg neostigmine methylsulphate. At (7) 
0-2 mg p-tubocurarine chloride and at (8) 1 mg neostigmine methylsulphate. 
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thonium, that is to say, a block differing in many ways from one due to long- 
lasting depolarization only. 


Fig. 5. Monkey 8 kg. Simultaneous records of supramaximal nerve twitches of tibialis (upper 
record) and soleus (lower record). At (1) and (2), 10 mg. and, 10 min later, at (3) and (4) 
30 mg succinylcholine dibromide. At (5) tetanic stimulus to motor nerve, 50/sec. 


Fig. 6. Dog, 10 kg. Simultaneous records of supramaximal nerve twitches of tibialis (upper 
record) and flexor digitorum sublimis (lower record). At (1) and 20 min later at (2), intra- 
venous injection of 1 mg of succinylcholine dibromide. 


Result of interposition of a dose of D-tubocurarine between 
doses of decamethonvum 
The impression resulting from the consideration of these facts is that the 
picture obtained from the monkey, dog and hare is similar to that obtained in 
the cat when an injection of p-tubocurarine is interposed between the doses 
of decamethonium, as all substances raising the end-plate threshold to acetyl- 
choline diminish the activity of any substance producing a neuromuscular 
block by long-lasting depolarization. Such an experiment is illustrated in 
16-2 
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Fig. 7. A first dose of 0-1 mg of decamethonium producing a 50% block, is 
followed 15 min later by a similar dose. The effect now produced is much 
greater. When the twitch returns to its normal height a dose of 1 mg of 
p-tubocurarine is injected producing a 70% block. When the muscle contrac- 


‘Fig. 7. Cat, 3-5 kg. Tibialis: nerve shock every 10 sec. At (1) and 15 min later at arrow (2), 
0-1 mg of decamethonium iodide 1.v. At (3) 1 mg of p-tubocurarine chloride and 25 min later 
at (4) 0-1 mg of decamethonium. At (5) and (6) 0-3 mg of decamethonium. 


tion fully recovers a dose of decamethonium is again injected, but does not 
now produce any effect. In order to produce a similar block to that produced 
before the injection of p-tubocurarine the dose has to be increased sixfold. 


Tridecamethonium in the bird and cat 
It would thus appear possible that in these species there must be a new 
mechanism of neuromuscular block where a substance begins its action by 
depolarization but becomes a competitor with acetylcholine during the 


blocking process. This idea arose from a study of the effects produced by 
tridecamethonium, a higher member of the polymethylene bistrimethy!- 
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ammonium series, on chicks. In birds, p-tubocurarine produces the usual 
paralysis while decamethonium and succinylcholine, like acetylcholine, 
produce @ pure contracture characterized by extension of the limbs and 
retraction of the head (Buttle & Zaimis, 1949). If the dose of decamethonium 
is small, recovery is abrupt; if large, the animal dies in contracture and never 
exhibits paralysis. But when an injection of tridecamethonium is given, 


Fig. 8. The effect produced by an intravenous injection of 0-1 mg/kg of tridecamethonium 
iodide on a 4-day-old chick (see text). 


a completely different picture is produced. First contracture appears but 
slowly, whilst the legs are still extended the head drops forward in paralysis 
and finally the paralysis extends to the leg muscles so that the whole animal 
becomes flaccid. From this result it is obvious that tridecamethonium acts 
to begin with as a depolarizing substance but changes during the blocking 
process to a competitive inhibitor. Fig. 8 illustrates this sequence of events. 

On observing these results in the chicks it was decided that it might be 
useful to test tridecamethonium in the cat. The effect produced by trideca- 
methonium on the tibialis muscle of the cat is similar to that obtained with 
decamethonium and succinylcholine on the tibialis muscle of the monkey, dog 
and hare. The muscle shows the same decreasing sensitivity (Fig. 9) in contrast 
with the increasing sensitivity displayed when decamethonium is injected 
instead. 

In the experiment illustrated by Fig. 10 both tibialis and soleus muscles were 
simultaneously recorded. A first 1.v. injection of decamethonium was made, 
producing once more a block which had the characteristics of a depolarization 
block. A similar injection of decamethonium was made later, given this time 
after the interposition of a dose of tridecamethonium. This second dose of 
decamethonium was very definitely less effective, acting as if a dose of a 
competitive inhibitor substance had been interposed between the two injections 
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of decamethonium. It thus appears that tridecamethonium exhibits in the 
bird and the cat the same mechanism of action as that produced by deca- 
methonium and succinylcholine in the monkey, dog and hare. 


Fig. 9. Kitten, 0-6 kg. Tibialis: supramaximal motor nerve twitches. At arrows intravenous 
injection of 0-3 mg tridecamethonium iodide. 


Variation of potency of decamethonium with species 

The observations just described seem to provide an explanation for the 
varying sensitivity of different species to decamethonium, in contrast to their 
relatively uniform reaction to p-tubocurarine (Fig. 11). Sensitivity is at its 
highest where depolarization is the only mode of action of decamethonium. 
But immediately the dual mode of action appears the muscles become more 
resistant to decamethonium, most probably because these two modes of action 
are antagonistic. 

| DISCUSSION 

The evidence which results from the present experiments shows that, contrary 
to expectation, not all mammalian species react in the same way to neuro- 
muscular blocking substances. 

In the human being and the cat, decamethonium is known as the best 
representative of drugs producing depolarization block. Another drug 
equally good is succinylcholine. These results led us to believe that deca- 
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methonium and succinylcholine produce their neuromuscular block by pure 
depolarization in all mammals (Paton & Zaimis, 1952). 

When consideration is given to the results obtained in the monkey, dog, 
rabbit and hare with the same substances there is no doubt that this generaliza- 
tion is no longer valid. If one studies carefully the characteristics of the block 


2 


Fig. 10. Cat, 3 kg. Simultaneous records of supramaximal nerve twitches of soleus (upper record) 
and tibialis (lower record). At (1) and (4), 0-09 mg of decamethonium iodide 1.v. At (2) 
tetanic stimulus to motor nerve, 50/sec and at (3) intravenous injection of tridecamethonium 
iodide. 


produced by decamethonium and succinylcholine in the monkey, dog, rabbit 
and hare it becomes apparent that one is confronted with a new type of block 
which has some of the characteristics of a depolarization block, some of the 
characteristics of a competitive block and some characteristics entirely absent 
in either of these two mechanisms when they appear in their pure form. The 
existence of some stimulant action preceding the block and the greater 
sensitivity of tibialis muscle, in contrast to that of the soleus, to the first 
injected doses of decamethonium and succinylcholine are characteristics of 
a depolarization block. On the other hand, a tetanus poorly sustained during 
the block and the antagonism of the block by a tetanus and by neostigmine 


kg 
7 OS 
o4 
402 
01 
01 


248 ELEANOR J. ZAIMIS 

are characteristics of a block produced by competitive inhibition. But the 
striking decreasing sensitivity of the muscles to subsequent doses of deca- 
methonium or succinylcholine is a totally new feature in contrast to the well- 
known increased sensitivity of muscles to subsequent doses of a depolarizing 
substance or of a substance blocking by competition with acetylcholine. 


Rat 


25 


[] D-Tubocurarine 
| 


10 


Fig. 11. Relative potency of decamethonium and p-tubocurarine in different species. The dose 
indicated in mg/kg is that required to produce a 90-100 % neuromuscular block in all species 
but mouse where it represents the ED,, using the righting reflex test. 

These findings clearly indicate that we are dealing with a mechanism of neuro- 
muscular block which is qualitatively different from those previously described. 
The impression obtained is that when a block with such characteristics is 
produced, the neuromuscular-blocking substance starts its action as a de- 
polarizing agent but subsequently changes into a competitive inhibitor. The 
molecules when first injected apparently adhere in the specific way necessary 
to produce a depolarization at the motor end-plate. As a result they produce 
some stimulant actions and they affect tibialis more than soleus. However, 
their grip changes so that they now become molecules competing with acety!- 
choline and in doing so they raise the threshold to any depolarizing substance. 
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A second dose of decamethonium or succinylcholine will consequently be 
antagonized, as these substances again begin their action by depolarization. 
This idea was forcefully suggested by the action of tridecamethonium in the 
chick where the two sharply differentiated processes are clearly seen to follow 
each other. In the light of this interpretation one can easily explain all the 
characteristics of this neuromuscular block. Hall & Parkes (1953) report the 
same findings with decamethonium in the guinea-pig. 

Two examples can be quoted which support with direct electrical evidence 
the idea that depolarization block may lead on to competitive block by the 
same drug: 

(a) Paton & Perry (1953) have shown that a transition from the picture of 
depolarization block to that of competitive block can be seen with nicotine in 
the superior cervical ganglion. With nicotine the depolarization is always 
transient, ending much before the actual block. During the period of block, 
in the absence of depolarization, a further similar dose of nicotine produces 
only a small fraction of the original depolarization. They therefore conclude 
that nicotine has a dual mode of action, being initially a depolarizing and 
later a competitive blocking drug. 

(b) On the muscle (cat’s gracilis) a similar situation is obtained with the 
higher members of the alkyltrimethyl ammonium series studied for the first 
time by Philippot & Dallemagne (195f). Here an injection may first produce 
a typical end-plate depolarization, which then wanes, although block sanegaes 
(Paton, personal communication). 

In reviewing past work with decamethonium one comes across accounts of 
experiments on many varieties of species which cannot be explained in terms of 
a single mode of action. Some of the authors have given inadequate or un- 
acceptable explanations, but others have in fact suggested a dual mode of 
action. Bovet, Bovet-Nitti, Guarino, Longo & Fusco (1951) noted that in the 
rabbit the block produced by decamethonium can be antagonized by eserine, 
and they state that an absolute distinction between a te anne block and 
a competitive block cannot be drawn. 

Jarcho, Berman, Eyzaguirre & Lilienthal (1951), experimenting in rats, 
noted that ‘in normally innervated rat muscle, decamethonium appeared to 
act in some ways like acetylcholine, in others, like curare’. 

Working on the same species, but using the isolated diaphragm preparation, 
Brand (1952) deduced that the action of decamethonium thereon is curare-like. 
Philippot & Dallemagne (1952) reached the same conclusion for work done on 
dogs, finding that neostigmine and adrenaline antagonize a decamethonium 
block. At the same time they were unable to detect any reciprocal antagonism 
between decamethonium and p-tubocurarine. These observations, so far as they 
go, are in agreement with the present findings in the dog. But the more 
extensive analyses here carried out led to the conclusion already discussed that 
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mode of action of decamethonium. 

Jenden, Kamilo & Taylor (1951) using a new isolated mammalian nerve- 
muscle preparation, the medial lumbrical of the rabbit’s hind foot, observed 
with decamethonium what they describe as a ‘biphasic’ action. An initial 
block of rapid onset and short duration, associated with depression of the 
muscle, was followed by recovery of neuromuscular transmission. The second 
phase followed in which block without muscular depression slowly increased 
over several hours to a steady state. In the first phase anticholinesterases, 
potassium and a fall of temperature had negligible antagonizing effects. In the 
second phase all three were powerful antagonists. 

The non-uniform responses of the cat, monkey, dog, rabbit and hare muscles 
to the same neuromuscular blocking substance suggests that there must be 
distinct physical differences between the muscle membranes of these mam- 
malian species in spite of the apparent similarity of their reaction to acety!- 
choline, differences brought to light only by such pharmacological analyses as 
are here described. 

These normally occurring differences in certain species may appear as 
pathological changes in the muscles of any one species. Churchill-Davidson & 
Richardson (1952) have obtained convincing proof that the neuromuscular 
block produced by decamethonium in normal human beings is due to long- 
lasting depolarization of the motor end-plates but that the block produced by 
the same substance in myasthenics is the result of a dual mode of action. That 
means that in the myasthenic, as in the monkey, we are confronted with 
a transition from the picture of a depolarization block to that of a competitive 
block. Consequently, a change has occurred in the muscle membrane of the 
myasthenic patient. If this change can transform the pure depolarization 
action of an injected substance into a dual mode of action, with a competitive 
blocking element in it, may it not also cause acetylcholine to exhibit a similar 
effect? This interpretation of the myasthenic syndrome may come closer to 
the truth than any other so far put forward. 


SUMMARY 

1. Decamethonium and succinylcholine do not produce their neuromuscular 
block in all mammals by pure depolarization. | 

2. On the tibialis and soleus muscles of the monkey, rabbit and hare and 
on the tibialis and flexor digitorum sublimis of the dog they produce a type 
of block which has some of the characteristics of a competitive block, some of 
the characteristics of a depolarization block and some characteristics absent 
from both these mechanisms. 

3. It is suggested that in the above species decamethonium and succiny]!- 
choline exhibit a dual mode of action. Apparently their action begins by 
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depolarization but changes, during the blocking process, to competition with 
acetylcholine. 


4. Tridecamethonium, a higher member of the polymethylene bistrimethyl- 
ammonium series, produces on the tibialis of the cat an effect similar to that 
obtained with decamethonium and succinyl-choline on the tibialis of the 
monkey, dog, rabbit and hare. 


5. The two sharply differentiated processes, depolarization and competition 
with acetylcholine, are clearly seen to follow each other when tridecamethonium 
is injected into chicks. 


6. The existence of a dual mode of action seems to provide an explanation 
for the varying sensitivity of different species to decamethonium. 


I should like to thank the Medical Research Council for a grant towards the expenses of this 
work. My thanks are also due to Mr D. Lewin for skilled assistance. 
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Myasthenia gravis is a chronic disease characterized by excessive fatigue and 
weakness of the voluntary muscles. It is generally accepted that the func- 
tional abnormality in this disease is a failure of neuromuscular transmission, 
and the previous theories of causation have been derived from studies of the 
action of acetylcholine in normal neuromuscular transmission. The introduc- 
tion of decamethonium salts (C.10), which act in a manner similar to acetyl- 
choline (Zaimis, 1951; Burns & Paton, 1951), has allowed a re-investigation 
of the mechanism of not only normal but also myasthenic neuromuscular 
transmission, and, in particular, has indicated the response of the motor 
end-plates in these states to chemical excitation. 

In this study the reaction of myasthenic muscles to decamethonium is 
contrasted with that of normal muscles under identical conditions and the 
mechanism of these different reactions investigated. Based on this investiga- 
tion a new theory of the failure of neuromuscular transmission in myasthenia 
gravis is presented. 


METHODS 
El t hi and li of ti. In and th ti. t 
before and after decamethonium 


All the ergographic and electromyographic recordings were made before and after 2-5 mg of 
decamethonium iodide was given intravenously into an arm vein in divided doses of 1-5, 0-5 and 
0-5 mg over a period of 8 min to twelve myasthenics and to six normal control subjects. The effect 
of neostigmine and ‘Tensilon’ (Ro 2-3198, 3-hydroxyphenyldimethylethy] ium chloride) 
upon changes in muscle function was also measured. 

Throughout all the experiments, routine medication with neostigmine was stopped for a mini- 
mum period of 18 hr before the investigations. 

Measurement of ptosis. The subjects were placed in a supported position on a couch with their 
heads held at rest. The width of the palpebral fissure was recorded photographically under 
conditions of constant lighting and positioning, and finally expressed as a percentage change of 
the mean control value. 

Measurement of grip strength. The height to which a column of mercury could be raised by 
squeezing a hand-bulb was measured and expressed as a percentage change of the mean control 
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Straight leg raising. The height to which the extended leg could be raised above the horizontal 
level of the couch was determined and alterations in this height expressed as a percentage of the 
mean control value. 

Electromyographic measurements. To measure the effect of decamethonium iodide on muscle 
function, the ulnar nerve was stimulated percutaneously at a rate of 10/sec and in selected cases 
at 4/sec and 20/sec. Action potentials derived from the hypothenar muscles of both hands were 
recorded by skin electrodes. The 0-3 msec stimulus was delivered from an earth-free source and 
the skin electrodes were placed so as to obtain integrated action potentials, peak-to-peak measure- 
ments of which were used as an index of the number of muscle fibres responding. To detect errors 


_ due to any change in position of the skin electrodes, the action potentials were observed both 


during the paralysing and recovery phase; the final action potentials after recovery were matched 
with the initial ones. The potentials were amplified by a conventional 2-channel differential 
amplifier (time constant, 30 msec; high-frequency response, 6 db down at 5 kcyc). The potentials 
were photographed from a cathode-ray oscillograph, the time-base of which was triggered by the 
stimulator. 
The excretion of decamethonium in normal and myasthenic subjects 

The activity of decamethonium iodide excreted in the urine was investigated in six normal 
and five myasthenic subjects. After withholding all fluids for 2 hr, 2-5 mg of decamethonium 
iodide was given intravenously in a single dose, and all the urine excreted by the subject during 
the next 3 hr collected. This urine was found to produce a contracture when diluted samples 
were injected into the neck veins of chicks and the duration of this ensuing contracture was 
noted (Zaimis, personal communication). Similarly, known quantities of decamethonium in 
urine were injected into chicks and the log-dose curve of the duration of contractures plotted. 
From these results the concentration and activity of decamethonium in the samples of urine 
from both myasthenics and normal subjects were calculated. 


RESULTS 

Effect. of 2-5 mg of decamethonium iodide on muscle function 
in normal and myasthenic subjects 
In this series, all the six control subjects developed widespread paralysis of 
the limb musculature, together with a marked fall of the action potentials of 
the hypothenar muscles after the administration of decamethonium iodide. 
The twelve myasthenic patients showed varying and generally only slight 
degrees of paralysis to volitional effort and the action potentials of the 
hypothenar muscles were sustained (Fig. 1). In fact, the action potentials of 
eight of the myasthenic patients showed an initial increase after the injection 
of decamethonium. No such increase of the potentials was recorded in any of 
the control subjects. Further, whereas in normal subjects a common feature 
was twitching of the back and limb muscles with a feeling of tightness in the 
jaw and calf muscles, in patients with myasthenia this was consistently 
absent. 


Effect of different rates of motor nerve stimulation on muscle action potentials 
after decamethonium and p-tubocurarine 
Measurements of the action potentials produced by motor nerve stimulation 
at 20/sec (tetanus) and at 4/sec (twitch) were made in three normal subjects 
after the administration of p-tubocurarine chloride and of decamethonium 
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jodide; similar observations were made on two myasthenic subjects before 
and after decamethonium iodide. 

With p-tubocurarine, tetanic stimulation in normal subjects rapidly failed, 
whereas twitch remained unaffected until a dosage sufficient to produce 
a severe neuromuscular block was used. With decamethonium, however, 


2:5 mg decamethonium iodide 


%, change in muscle action potential 


— 80- Oe 

~ 
Myasthenic patients Normal subjects 


Fig. 1. The effect of an intravenous injection of 2-5 mg of C.10 on the action potentials of the 
hypothenar muscles in fifteen control and sixteen myasthenic subjects. The mean response 
is shown as a latticed line. 


tetanus and twitch were affected equally. In the clinically weak muscles of 
myasthenic subjects, tetanus was not sustained for so long as twitch; and 


furthermore, the rate of failure of tetanic stimulation was accelerated by the 
administration of decamethonium (Fig. 2). 


The effect of neostigmine and ‘ Tensilon’ (Ro 2-3198) on the skeletal muscle 
paralysis induced in normal and myasthenic subjects by decamethonium 

We have previously shown that two types of response may be anticipated 
in patients with myasthenia gravis after an injection of decamethonium 
iodide (Churchill-Davidson & Richardson, 19524). First, the muscles may 
exhibit a diminished sensitivity to the drug so that large doses are tolerated 
without effect. Secondly, when increasing doses of decamethonium are given, 
the tolerance of the muscles of myasthenic subjects to this drug is first 
overcome in those muscles which showed clinical evidence of fatigue and 
weakness. Once these susceptible muscles begin to be paralysed by decame- 
thonium, they remain in this state for a prolonged period as compared with 
the muscles of normal subjects. 
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The effect of neostigmine upon this persisting paralysis after decamethonium 
in these weak muscles of myasthenics was in contrast to its effect on the muscles 
of the controls. Thus, one myasthenic who remained in a very weak state for 
over 3 hrafter decamethonium with no sign of recovery, improved dramatically 
10 min after the intramuscular injection of 2-5 mg of neostigmine. In a further 
three cases the effect of neostigmine, given soon after the onset of decame- 
thonium paralysis, was again a rapid improvement in muscle function. When 
neostigmine was given before the injection of decamethonium, the tolerance 
of the weak myasthenic muscles to decamethonium was markedly increased, 
whereas the muscles of normal subjects became slightly more sensitive. 


2 6 10 14 8 2 2% 30 4 3 2 % 
Time (sec) 
Fig. 2. The effect of tetanic stimulation (20/sec) before and after 2-5 mg C. 10 (intravenously) 
in a case of myasthenia gravis. 


Neostigmine, in doses of 2-5-3 mg even when combined with large doses of 
atropine sulphate, produced marked and unpleasant side-effects in normal 
subjects. Further, the slow onset of action made it difficult to obtain clear-cut 
end-points of its effect on the paralysis produced by decamethonium. For 
these reasons, it was more convenient to use a neostigmine-analogue, Tensilon ; 
this compound, like neostigmine, acts mainly by the inhibition of cholinesterases 
and to a small extent by a direct acetylcholine-like action on the muscle 
fibres, but it has only weak muscarinic effects (Hobbiger, 1952). It can 
therefore be given intravenously with minimal discomfort. 

The action of 20 mg of Tensilon given 12 min after the onset of paralysis 
from 26 mg of decamethonium was studied in six normal control subjects 
(Table 1A) and twelve myasthenic patients (Table 1B). All the normal 
control subjects showed an increase of the decamethonium-induced paralysis 
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starting 30-40 sec after the injection of Tensilon and lasting for 2-3 min 
(Fig. 3). These findings, however, are in contrast to the reaction in cases of 
myasthenia gravis, where—as previously stated—the mode of response 
depended largely on the extent of the myasthenic weakness. For example, 
those cases in which the disease was localized to a single group of muscles, 
such as the ocular or bulbar musculature, showed a high degree of tolerance, 
so that there was no significant alteration of either volitional or electro- 
myographic response following both decamethonium and Tensilon. Three of 
our cases were in this ‘resistant phase’ of myasthenia (Fig. 4). On the other 
hand, eight cases showed widespread clinical weakness and all exhibited 
a remarkable reversal of the decamethonium-induced paralysis within 45 sec 
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Fig. 3. Fig. 4. 

Fig. 3. The effect of the intravenous injection of Tensilon (20 mg) on ptosis, voluntary muscle 
power and the action potentials of the hypothenar muscles after 2-5 mg C.10 in a control 
subject. 

Fig. 4. The effect of the intravenous injection of Tensilon (20 mg) on ptosis, voluntary muscle 


power, and the action potentials of the hypothenar muscles in a myasthenic patient with 
localized weakness. 


of the intravenous injection of 20 mg Tensilon, resulting in complete restora- 
tion of muscle power (Fig. 5). After 5-10 min, this muscle power began to 
fail again, but in some instances the recovery was maintained for up to 
30 min. It was noteworthy that in three of these eight cases the injection of 
decamethonium produced paralysis of muscles that had not previously shown 
any clinical weakness or fatigue characteristic of myasthenia, and that Tensilon 
completely reversed this paralysis also. In the remaining one myasthenic 
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' patient, a fall in the power of straight-leg raising occurred after Tensilon as 


in normal subjects. 

Fig. 6 shows a comparative example of the effect of Tensilon on the degree 
of ptosis induced by decamethonium in both normal and myasthenic subjects. 
It illustrates the fact that Tensilon potentiates the decamethonium-block in 
normal subjects, whilst antagonizing it in myasthenic patients. 


TE-19 25 mg Tensilon 20 mg 


036 $2 NM 3 
Time (min) 
Fig. 5. The effect of the intravenous injection of Tensilon (20 mg) on ptosis, voluntary muscle 
power and the action potentials of the hypothenar muscles after 2-5 mg C. 10 (intravenously) 
in a myasthenic patient with widespread clinical weakness. 


In two cases the return of muscle power produced by Tensilon after decame- 
thonium was almost matched by that produced with the same dose of Tensilon 
alone (Fig. 7). 


The excretion of decamethonium in normal and myasthenic subjects 

Determinations of the rate of excretion of decamethonium in the urine of 
both myasthenic and normal subjects failed to show any significant differences 
between the two groups. Over the 3 hr period, a mean of 948 mg was excreted 
by the six normal subjects with a range of 703-1220 yg, whereas 955 pg was 
excreted by the five myasthenic patients with a range of 653-1170 pg—the 
amount recovered representing approximately 40%, of the total given. It 
does not, therefore, appear that the elimination of decamethonium was 
significantly different in the two groups. 
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Fig. 6. The effect of the intravenous injection of Tensilon (20 mg) on the degree of ptosis 
after 2-5 mg C.10 (intravenously) in a normal and a myasthenic subject. 
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Fig. 7. The effect of the intravenous injection of Tensilon (20 mg) on the voluntary muscle 
power before and after 2-5 mg C.10 (intravenously) in a myasthenic patient with marked 
clinical weakness. 
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DISCUSSION 


Our results indicate that the neuromuscular block induced by decamethonium 
in the clinically-weak muscles of myasthenic patients differs profoundly from 
that in the corresponding muscles of normal subjects under the same con- 
ditions. Thus, the block occurring in normal subjects has the characteristics 
of one due to pure depolarization, in that it is constant for varying rates of 
motor nerve stimulation, potentiated by neostigmine and Tensilon, and 
muscle twitches and fasciculations are a common feature. In contrast, the 
neuromuscular block produced by decamethonium in myasthenic subjects is 
greater for tetanus than twitch, reversed by neostigmine and Tensilon, and 
unaccompanied by the muscle tightness and fasciculations seen in normal 
subjects, although preceded by a brief improvement in muscle strength. In 
fact this block, when developed, exhibits the characteristics of one due to 
competitive inhibition. 

Although Tensilon, like neostigmine, will temporarily reverse the inherent 
neuromuscular block of myasthenia gravis, which has long been known to be 
of the competitive inhibition type, our results show that if a further block is 
produced by decamethonium, Tensilon will still completely restore muscle 
function. This leaves no doubt that Tensilon in our cases did more than 
reverse any underlying myasthenic block, and, in fact, also reversed the 
additional decamethonium block. It is noteworthy that although the response 
of various muscles to decamethonium followed by Tensilon in normal subjects 
(Table 1A) and in patients suffering from myasthenia gravis (Table 1B) 
showed a consistent difference with volitional measurements, such a consistency 
was not always obtained with electromyographic measurements. The reason 
for this appears to be twofold. First, in normal subjects, decamethonium in 
doses of 2-5 mg produces a severe fall in the action potential of the hypothenar 
muscles (average change= —82-2%), so great, in fact, that any further 
potentiation by Tensilon is difficult to detect. Secondly, in the majority of 
cases of myasthenia the same dose failed to produce in the hypothenar muscles 
a sufficient drop in the action potential (average change = —3-6%) to make 
the reversing action of Tensilon significant. The fact that muscle weakness 
is more difficult to demonstrate at low rates of motor unit stimulation as 
used in electromyography (10/sec) than with the higher rates involved in 
a volitional effort (30-40/sec) is additional evidence for the production of 
a competitive inhibition block in myasthenia from decamethonium. Dif- 
ferences between the drop in amplitude of the action potentials of the right 
and left hypothenar muscles were also observed. These differences, related to 
the exercise involved in ergographic measurements used on one limb, have 
previously been discussed in relation to the action of decamethonium on 
normal muscles (Churchill-Davidson & Richardson, 19525). 
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The finding that the majority of cases of myasthenia showed a brief improve- 
ment in muscle function (recorded electromyographically) after decame- 
thonium but before the onset of any neuromuscular block would seem to 
indicate an initial anti-competitive inhibition function of the decamethonium, 
as this was not seen in normal subjects. This function must presumably be 
due to the direct depolarizing activity which it possesses. It appears, there- 
fore, that the weak myasthenic muscles exhibit a dual mode of reaction to 
decamethonium. Thus, the initial effect is one of depolarization and this is 
immediately followed by competitive inhibition. 

The series described in this paper also confirms our original finding that 
whereas normal subjects undergo a marked paralysis with decamethonium, 
the muscles of myasthenic patients appear to be relatively resistant to this 
drug except where those muscles exhibit excessive fatigue and weakness. 
Such a state of resistance can also be explained by a dual mode of reaction to 
decamethonium, for in the transition of response of the myasthenic motor 
end-plate from that of depolarization (normal muscle) to that of competitive 
inhibition (fatiguable myasthenic muscle), a stage will be reached when the 
two types of block are antagonistic, so that the end-plate displays a decreasing 
sensitivity to the action of depolarizing drugs. 

A dual mode of response to decamethonium, identical to that we have 
observed in myasthenia, has been described as occurring physiologically 
in various species of animals (Zaimis, 1952). Thus, while cat, avian and frog 
muscle responds to decamethonium by pure depolarization, the muscles of 
monkeys, dogs and hares can exhibit features of both a depolarization and 
a competitive inhibition block with this substance. Further, a transition of 
response from depolarization to competitive inhibition produced by decame- 
thonium can be demonstrated in the white muscles of the latter species, 
including a stage when high doses are needed to produce any paralysis at all. 
Zaimis has also shown that succinylcholine and tridecamethonium may lead 
to similar results. 

Such a dual mode of reaction produced by decamethonium in myasthenia 
could be accounted for in two ways; first, by changes in the drug itself 
(Randall, 1952); and secondly, by an alteration in the mode of response of 
the motor end-plate. The fact that decamethonium is excreted by myagthenics 
unchanged indicates that the ultimate production of competitive inhibition 
in myasthenia by decamethonium is in fact due to changes in the motor 
end-plate. 

Although there is no evidence, as yet, that the motor end-plates of any 
animal respond to acetylcholine—or one of its breakdown products—in this 
dual manner, such a conception in man would account for all the clinical 
features of myasthenia gravis, notably the usual limitation of weakness to 
isolated muscles. In the circumstances obtaining in myasthenia gravis it is 
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reasonable to suppose that the molecules of acetylcholine liberated at the 
motor end-plate would, as is probably the case with decamethonium, first 
bring about a momentary depolarization of the end-plate and then these 
molecules, or those produced by the breakdown of acetylcholine, would 
persist in an inactive form, so combining with the receptor protein that the 
excitation threshold is raised and a block with all the characteristics of com- 
petitive inhibition results. 

Certainly the muscle dysfunction of myasthenia gravis cannot be explained 
in terms of abnormalities of the production or the destruction of acetylcholine, 
because the inherent neuromuscular block in this disease has all the charac- 
teristics of one due to competitive inhibition. Further, the presence of 
a circulating curare-like substance affecting the muscles—a hypothesis which 
lacks the support of consistent evidence—would not explain our findings 
with decamethonium. In the event of such a substance being responsible for 
the myasthenic syndrome, the weakest muscles should be the most resistant 
to decamethonium, because neuromuscular blocks of the competitive inhibition 
and depolarizing type are antagonistic. In fact, the reverse is the case. 

Finally, the conception of myasthenia gravis as due to a dual mode of 
response of the motor end-plate to acetylcholine is directly supported by two 
clinical findings. First, some of the muscles of myasthenics have been shown 
to be resistant to acetylcholine (Acheson, 1944; Buchthal & Engbaek, 1948; 
Wilson & Stoner, 1947) as they are to decamethonium. Secondly, both 
neostigmine and Tensilon fail to produce muscle fasciculations in this disease, 
and the former, if used repeatedly, can on occasions not only fail to relieve 
the neuromuscular block of myasthenia but actually lead to its potentiation 
(Wilson, personal communication). 


SUMMARY 


1. If sufficiently high doses of decamethonium are given to patients 
suffering from myasthenia gravis, the muscles which show the greatest degree 
of clinical weakness are the first to undergo a failure of neuromuscular 
transmission. This neuromuscular block, when produced, has the charac- 
teristics of one due to competitive inhibition. 

2. The clinically normal muscles of myasthenics possess a marked tolerance 
to the depolarizing action of decamethonium iodide. 

3. A comparison of the urinary excretion of decamethonium in myasthenic 
patients and normal subjects indicates that there is no significant difference 
in the two groups. 

4. The importance of these findings in relation to the action of acetylcholine 
at the motor end-plate in cases of myasthenia gravis is discussed, and it is 
suggested that the failure of neuromuscular transmission in myasthenia is 


derived from abnormalities in the response of the motor end-plate to 
acetylcholine. 
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Very varied results have been obtained by different workers when carbon 
dioxide has been administered te the new-born infant. Using 95% oxygen 
and 5% carbon dioxide, Gibberd (1949) states: ‘...indeed, if carefully con- 
trolled experiments are carried out, it is difficult to find evidence that the 
administration of 5°%% carbon dioxide to an infant has any chemical effect in 
stimulating respiration.’ Howard & Bauer (1950) however, state: ‘The 
administration of 5% carbon dioxide and 95% oxygen was always a stimulant, 
and the longest the mixture could be given without causing crying was five 
minutes and thirty seconds.’ These latter authors found an average increase in 
minute volume of 64-5 °% in nine infants with a range varying between 22 and 
137%, when the gas had been administered on an average for 3-75 min. Even 
this latter result shows a marked discrepancy from the adult subject, for 
Haldane & Priestley (1905) showed that 5-14 % carbon dioxide (in the presence 
of mild anoxia) caused a threefold increase of minute volume. 

It is clearly of considerable importance, in studying the respiration of the 
new-born infant, to determine whether in fact this subject does respond to 
carbon dioxide, and further, whether this response is quantitatively different 
from that of the adult. Oxygen cannot be regarded as an inert vehicle for the 
carbon dioxide, as the infant shows a marked and biphasic response to the 
administration of high concentrations of the former gas (Cross & Warner, 1951; 
Cross & Oppé, 19526), and for this reason it is important that the carbon 
dioxide should be administered in air. Further, in order to test the effects of 
carbon dioxide on the sleeping baby, only low concentrations of the gas may 
be used, for as noted by Howard & Bauer and confirmed by ourselves, con- 
centrations as low as 5% cause restlessness and crying. 
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METHODS AND MATERIALS 


The infants were examined at rest in the body plethysmograph described by Cross (1949), and 
modified with a mercury seal for the lid (Cross & Warner, 1951). The gas mixtures were kindly 
made up by the British Oxygen Company, and were administered to the baby after being bubbled 
through water and with an appropriate ‘mask’ as described by Cross & Warner (1951). To test this 
method, air was administered from a cylinder, and it was found that a group of resting babies did 
not vary in their respiratory behaviour significantly from a control period when they breathed 
room air, 

The gas mixtures used were 0-5, 1 and 2% carbon dioxide made up in air. These mixtures thus 
had a slightly dimimshed percentage of oxygen when compared with room air (as low as 20-5% 
in the case of the 2% carbon dioxide mixture), but we have no evidence that such a minute 
variation in oxygen content would exert any physiological effect. Tests were carried out to 
determine whether a significant percentage of carbon dioxide was lost by bubbling the gas through 
water, but no difference was found by Haldane analysis between the percentage of carbon dioxide 
emerging into the mask at the beginning and end of a five minute rest run. 

The subjects used in the experiments were full-term and premature infants in the nurseries of 
the Maternity Department at Paddington Hospital. Prematurity was taken to mean a baby of 
2-5 kg or less at birth. 

The plan of an individual experiment was that a baby was taken at any convenient time after 
a meal and placed in the plethysmograph. If the baby slept satisfactorily, the supply of room air 
was replaced by air given through the mask from a compressed air cylinder, and at a convenient 
moment the required carbon dioxide mixture was bubbled through the same humidifying bottle 
as had been used for the air. The carbon dioxide administration was continued for 5 min, and then 
air was again given from a cylinder or the mask was removed, and a final control period of re- 
spiration on room air was recorded. If the baby moved or cried at any time during or subsequent 
to the application of the test gas, the preceding minute of the record and all the following minutes 
were excluded from the final grouped results. These results have been reported briefly (Cross, 
Hooper & Oppé, 1953). 

RESULTS 


The results obtained from the three experiments on the two groups of babies 
were scaled and treated statistically in the same way as those of Cross & 
Warner (1951). Table 1 shows the mean values obtained from the two groups 
of babies during the initial control period. These results show that the full- 
term babies studied were significantly lighter than those reported previously 
(Cross, 1949), and the minute volume was correspondingly less. 


TaBLe 1. Average resting values of babies studied 


Full-term Premature 

No. of infante, Male 33), 17), 
Female 30} 68 20} 37 

Age (days) 2-12 <a 
Mean weight and s.p. about mean (kg) 3-07 + 0-355 2-12+0-253 
Mean minute volume (ml.) and s.p. 523-4 + 79-45 388-6 + 96-34 
Mean respiration rate/min and s.D. 32-46+7-81 31-73 + 6-66 
Mean tidal air (ml.) and s.p. 17-01+44-48 12-824 3-43 


Note. In order to obtain the final average results, the repeated results on any individual baby 
have been averaged before adding them to the total. This treatment is probably quite justifiable 
in the case of the full-term infants, who show little change during their short stay in hospital, but 
it is more dubious in the premature infants, who may undergo significant changes in weight and 
respiratory behaviour during their more prolonged period in hospital (Cross & Oppé, 1952a). 
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Table 2 shows the number of observations made and the number of 
subjects used in each of the six groups of experiments. The same experiment ? 
was repeated on the same baby rarely, but the same baby was used for different 
experiments as frequently as possible. In view of the greater respiratory 
irregularity of the premature infant, it would have been preferable to have 
had larger numbers of thes¢ than of full-term infants, but the supply of pre- 
mature infants was limited. | \ 

Figs. 1-3 show the results obtained in each of the experiments on the two 
groups of subjects. In order to afford a direct comparison between the two 


TaBLE 2. Composition of groups of infants receiving carbon dioxide mixtures 


Full term infants Premature infants 
% CO, Subjects Observations Subjects Observations ‘ 
0-5 21 21 18 18 
10 26 26 18 18 
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Fig. 1. Graphs showing the percentage change from normal of the minute volume, respiration 
rate and tidal air of a group of full-term (closed circles) and premature (open circles) infants, 
when 0-5% CO, is administered for 5 min after a period of 5 min on air. The vertical lines 
through the mean points represent the 95% confidence limits of the means. For clarity the 
points have been staggered where the confidence limit lines overlap. 
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groups, the mean of the control period of both the premature and the full- 
term infants has been scaled to 100%, and the percentage changes from this 
resting value are shown. It will be seen that even with 0-5% carbon dioxide 
there is @ significant increase in the minute volume of respiration for the last 
4 of the 5 min of the test period, and also the pattern and the degree of the 


40 | Air 1% CO, in air Air 
30 


| 
10 15 

: Time (min) 

Fig. 2. Graphs showing the percentage change from normal of the minute volume, respiration 
rate and tidal air of a group of full-term (closed circles) and premature (open circles) infants, 
when 1% CO, is administered for 5 min after a period of 5 min on air. Other conventions 
as in Fig. 1. 


response is very similar in both groups of infants. It also seems likely that 
with 0-5 and 1% carbon dioxide a ‘steady state’ has been reached in the last 
2 min with the test gas, but this is less certain with 2% carbon dioxide, where 
there is a greater variation in the response of individual babies. 


The mechanism of the rise in minute volume 
The pattern of the stimulation in the respiration rate and tidal air is less 
consistent between the two groups of infants than is the effect on total 
ventilation. Thus the full-term infants show a significant increase in respiration 
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rate with all three carbon dioxide mixtures, and an increase in depth of 
respiration with the two higher concentrations of the gas. The premature 
infants show a significant increase in respiration rate with both 1 and 2% 
carbon dioxide, and depth is increased with only the highest concentration of 
the gas used. | 
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Fig. 3. Graphs showing the percentage change from normal of the minute volume, respiration 
rate and tidal air of a group of full-term (closed circles) and premature (open circles) infants, 


Other conventions as 
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It is noticeable that in the final periods on air the rate has returned to the 
original resting level only in the fifth minute with the full-term infants who 
had received 2% carbon dioxide. This increase in rate is reflected by a con- 
sistent decrease in depth of respiration during the latter part of this control 
period, and so the total ventilation returns very close to normal values. Some 


4 Air | 2% CO, in air Air 
4 
| 
| | 
\ 
| 
| 
1 -20 | | 


CO, AND INFANT RESPIRATION 269 


of the premature infants appeared to be particularly sensitive to carbon 
dioxide, and responded by a great increase in rate of respiration which did not 
return towards normal during the last five minutes on air. Such behaviour did 
not constitute ‘restlessness’ as defined above, and so the results obtained from 
them are included, with the consequent rather wide limits of variation shown 
in the rate and depth graphs for the premature infants. 
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Fig. 4(a). Graphs showing the percentage of occurrence of periodic breathing in the three groups 
of premature infants who received air, CO, in air and air, each for a period of 5 min. (5) Similar 
graphs for the full-term infants. A, infants receiving 2% CO,; A, infants receiving 1% CO,; 

x, infants receiving 0-5% CO,. 


Effect of carbon dioxide on the rhythm of respiration 
Figs. 4a and 6 show the percentage occurrence of periodic breathing with 
each group of infants, and at each gas concentration. As in Cross & Oppé 
(19526), we have used a simple definition of periodic breathing, namely: 
‘Breathing is included as periodic if groups of respiratory movements are 
interrupted by periods of apnoea of not less than 3 sec duration, the cycle 
lasting for 30 sec or less, and being repeated at least twice.’ 
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It is very unfortunate that there is such a great disparity in the occurrence 
of periodic breathing during the control period, varying as it does in the pre- 
mature infants between 5-5 and 40%, but it seems likely that the stimulation 
of carbon dioxide tends to diminish the occurrence of this type of irregularity 
at all concentrations tested, but the differences noted are only significant in 
the groups receiving 2% carbon dioxide. 


DISCUSSION 


Apart from the authors already quoted, there seems to have been little in- 
vestigation into the effect of carbon dioxide on the respiration of the new-born 
infant. Wilson, Long & Howard (1942) gave 7% carbon dioxide in high oxygen 
to a series of twenty premature infants, and noted a ‘definite and marked 
hyperpnoea’, but no quantitative measurements were made. In all the work 
quoted, high oxygen/carbon dioxide mixtures have been used, so that it would 
in any case be difficult to determine the precise effect of the carbon dioxide. 
Shock & Soley (1940) have shown that the adult human subject has a notably 
different response to carbon dioxide in 21% oxygen with nitrogen than with 
the same concentration of carbon dioxide in pure oxygen. 

Although, for the reasons stated above, it is not possible to make any 
quantitative comparison between the results reported here and the findings of 
other authors in babies, it is possible to compare our results with those 
reported on adults. The figures of Shock & Soley (1940) have been chosen for 
this comparison because those workers have taken great care to obtain com- 
plete rest in their subjects before administering the gas (in air), and have 
studied the effect of similar gas concentrations to those used in the present 
investigation. Their work differs from ours in that they used a Siebe-Gorman 
half-mask with valves and recording spirometers. 

To make this comparison we have assumed that in the 4th and 5th min of 
carbon dioxide administration the babies have reached a steady state. We have 
confidence in this assumption from subsequent work, which shows that when 
0-5% carbon dioxide was given for 10 min to resting premature and full-term 
infants, the average rise in the 4th and 5th min was a fair sample of the mean 
increase in minute volume over the last 6 min of carbon dioxide administration. 
We have further assumed that there is no significant difference between pre- 
mature and full-term infants in their response to carbon dioxide. It will be 
noted from Figs. 1-3 that at the 4th and 5th min of carbon dioxide administra- 
tion the differences in minute volume between the premature and full-term 
infants are quite insignificant in all cases. In fact, the full-term infants 
reported here show a slightly greater rise in minute volume than the premature 
infants when both groups are receiving 0-5 and 2°% carbon dioxide, but this 
trend is reversed with 1% carbon dioxide. 

In Table 3 the averages of the fourth and fifth minutes of the babies regarded 
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as a homogeneous group are shown, for comparison with the results recorded 
from Shock & Soley. 


TaB_E 3. Effect of carbon dioxide on babies and adults 


Increase in 
No. of minute volume 8.D. 
% CO, observations (%) about mean 
Babies 
0-5 38 8-91 7-93 
1 44 18-95 8-39 
2 41 57-61 39-44 
Adults (Shock & Soley, 1940) 
1 17 14-24 6-28 
2 12 34-25 8-34 
4 15 98-60 24-87 


The percentage increase in minute volume is shown here for premature and full-term babies. 
The mean of the fourth and fifth minutes of carbon dioxide administration has been used. The 
results of the adults are taken from Table 2, p. 779, of Shock & Soley’s paper. These subjects 
were in a steady state on the CO,/21% O,/N, mixtures. 


It will be seen that for a given percentage of carbon dioxide, the baby is 
more stimulated than is the adult. A ‘Student’s’ ¢ test comparing the means 
shows that the differences are significant at 1 and 2% carbon dioxide 
(P<0-05 at 1% carbon dioxide, P< 0-001 at 2% carbon dioxide). 

The relative degree of stimulation shown by the adults and the babies is 
somewhat reminiscent of the comparison made by Peabody (1915) on the 
effect of carbon dioxide on the respiration of normal and acidotic adults. The 
babies, like the acidotic adults of Peabody, show a greater increase in minute 
volume for the same dose of carbon dioxide. This finding is of particular in- 
terest in view of the acidaemia present in the ‘normal’ premature infant which 
was first described by Yllpé (1916). In papers from the same laboratory 
Reardon, Graham, Wilson, Baumann, Tsao & Murayama (1950) and Graham, 
Wilson, Tsao, Baumann & Brown (1951) find that while the adult has a plasma 
pH of 7-40, chloride 103 m.equiv/l. and CO, of 24 m.equiv/l., the full-term 
infant has pH of 7-39, chloride 106 m.equiv/l. and CO, 20 m.equiv/l., while the 
premature infant has pH 7-31, chloride 111 m.equiv/l. and CO, 20 m.equiv/I. 
The differences between the adult and the full-term infant tend to diminish 
during the first 24 hr of life (Graham et al. 1951), but the premature infant 
maintains its pH and electrolyte characteristics for some weeks. 

If the greater stimulating effect of carbon dioxide in babies is to be attributed 
to an increased proportion of hydrogen ions in the blood of the babies, then 
one would expect that there would be a trend of response from the adult 
through the full-term to the premature infant, but in fact no such tendency is 
observed. As already noted, with two of the three test gases the full-term 
infants responded with a greater increase in minute volume than the pre- 
mature, and from this evidence we feel that it must be concluded that the 
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infantile respiratory centre is specifically more sensitive to carbon dioxide than 
that of the adult. 

This investigation would be more complete, and the interpretations which 
could be applied would be more far-reaching if proof of a “steady state’ could 
be produced. If it were possible to measure the alveolar carbon dioxide and 
estimate the dead space of the infants at rest and while receiving the gases, 
then some of the present uncertainties would be resolved, but so far, although 
we are anxious to make those measurements, we have not devised methods 
which are successful. 


SUMMARY 


1. 100 infants have been examined on 127 occasions in the body plethysmo- 
graph for their response to 0-5, 1 and 2% carbon dioxide in air. 

2. Itis found that on an average both premature and full-term infants show 
a statistically significant response to all three concentrations of carbon dioxide. 

3. The group of babies receiving 1 and 2% carbon dioxide show a signifi- 
cantly greater percentage increase in minute volume than the adults examined 
by Shock & Soley (1940). 

4. It is concluded that the respiratory centre of the infant is more sensitive 
to carbon dioxide than that of the adult. 


Once again we are indebted to many for helping us to undertake this work. Financial support 
for expenses, and the excellent technical assistance of Mr T. R. Nichols came from an M.R.C. 
research grant to Professor A. St G. Huggett until October 1951, and since then has been from a 
research grant from the St Mary’s Hospital Research Fund. We have received most kind co- 
operation from the sisters and nurses of the Maternity Department, Paddington Hospital, Harrow 
_ Road, and we would like to thank the Management Committee for permission to do this work, 
and Miss Amy Fleming, Mr J. P. Erskine and Dr Reginald Lightwood, who were in clinical charge 
of the patients examined. 


Note, Full tables giving the data from each experiment on each baby are available at St Mary’s 
Hospital Medical School. 
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THE EFFECT OF DRUGS UPON NEUROMUSCULAR 
TRANSMISSION IN THE GUINEA-PIG 


By R. A. HALL anp M. W. PARKES 
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(Received 11 March 1953) 


The distinction between classes of drugs interfering with neuromuscular 
transmission, based on their differing modes of action, has been made by 
Paton & Zaimis (1949, 1950). Some clinical significance attaches to the 
distinction between those agents acting as competitive inhibitors of the 
stimulant effects of acetylcholine liberated at the neuromuscular junction, 
such as tubocurarine, and those acting as depolarizing agents, rendering the 
end-plate insensitive to acetylcholine, such as decamethonium and succiny]- 
choline. This significance is due to the reasonable control of the actions of the 
former class by means of antagonists, whereas no such possibility so far exists 
as certainly for the latter group. The effects of the competitive inhibitor class 
can be reversed by agents potentiating the effectiveness of acetylcholine, as 
do the inhibitors of cholinesterase, such as neostigmine, or by other specific 
anticurare agents, such as ‘Tensilon’ (3-hydroxy-N-dimethyl-ethylanilinium 
bromide). 

Randall (1952) has shown that, among synthetic compounds having a 
structure similar to that of decamethonium, a change of substituent on the 
‘quaternary nitrogen atoms can convert a neuromuscular blocking action 
depending on depolarization into one depending on competitive inhibition. 
The type of action any given compound exhibits can be distinguished by its 
susceptibility to such drugs as neostigmine or “Tensilon’. 

It was with the object of examining a number of synthetic compounds in 
this way that the work reported here was commenced, but it was not con- 
venient at that time to work with cats, the species used by previous workers. 
The guinea-pig was therefore used as a subject, although there is little mention 
in the literature of the study of neuromuscular transmission in this species 
(cf., for example, Glock, Mogey & Trevan, 1948). It was also desirable to 
avoid the use of anaesthetics and the animals were therefore used in a spinal 
condition, which the guinea-pig tolerates very well. 
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The results to be reported show that the above-mentioned clear-cut 
distinction between classes of neuromuscular blocking agents, derived from 
work on the cat, does not apply without modification in the case of the 
guinea-pig.” TRIN situation corresponds to that described by Zaimis (1952, 
1953) for the dog, monkey, rabbit and hare. 


3 METHODS 
Male guinea-pigs of between 300 and 500 g body weight were used. The animals were pithed under 
ether anaesthesia ; after both carotid arteries were tied, a probe was inserted through the foramen 


magnum to sever the spinal cord and destroy the brain. The spinal cord was left intact. The 
were maintained on artificial respiration. 


The muscle principally used was the gastrocnemius, stimulated by single, supramaximal spike 
discharges from a thyratron stimulator applied to the tied and cut sciatic nerve at the rate of 
10 shocks per min. The tension developed was recorded by a light spring myograph. Drugs were 
introduced by the jugular vein. For most experiments the animals were atropinized. 

In a number of experiments, contractions of the tibialis anterior were also recorded on the same 
guinea-pig was used according to the method of Biilbring (1946). 


RESULTS 

Effects of neuromuscular blocking agents 
Decamethonium exerts a blocking action on gastrocnemius and tibialis muscles 
of the guinea-pig. The dose required for effectiveness varied considerably from 
one animal to another, but, when comparison was made, decamethonium 
appeared to be of the order of potency of tubocurarine. The sensitivity of 
the muscles to the blocking action of decamethonium fell off sharply with 
repeated doses; this is the reverse of the state of affairs observed in the cat 
(Paton & Zaimis, 1949) but similar to that described by Zaimis for other 
species (1952, 1953). An initial, transient potentiation of twitch tension was 
occasionally observed, although this was never so marked as in the cat. The 
tibialis showed a greater sensitivity towards decamethonium than did the 
gastrocnemius. This recalls the difference shown by Paton & Zaimis (1951) for 
tibialis and soleus muscles in the cat and related by these authors to the known 
differences in the types of fibre of which these muscles are composed. The 
tibialis of the guinea-pig sometimes responds to decamethonium by con- 
tracture, an effect similar to that obtained by intra-arterial injection in the 
cat (Zaimis, 1951). 

Succinylcholine behaved in a similar manner to that described for 
decamethonium. 

Interaction of neuromuscular blocking agents. Following reduction of the 
twitch tension of the gastrocnemius by tubocurarine, either decamethonium 
or succinyleholine caused partial restoration. This decurarization accords with 
what has already been reported for the cat (Hutter & Pascoe, 1951). sn _ 
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block had already been produced by decamethonium, tubocurarine intensified 
it further. This is the reverse of the interactions of these drugs in the cat 
(Dallemagne & Philippot, 1952). 
Effects of cholinesterase inhibiters 

The effect of injecting neostigmine méthylsulphate was to augment normal 
twitch tension. In addition, as in other species, neostigmine restored twitch 
tension during block by tubocurarine. Contrary to expectations, however, it 


(| 


Fig. 1. Spinal guinea-pig. Contractions of tibialis (7') and gastrocnemius (@), on stimulating 
sciatic nerve supramaximally every 6 sec, recorded downwards. Intravenous injection of 
decamethonium 120 yg at (1) and of neostigmine 100 yg at (2). 


was found that a similar reversal occurred when block was due to deca- 
methonium (Fig. 1), or to succinylcholine. Frequently it was possible to 
restore full twitch tension very: rapidly in a muscle completely paralysed by 
these blocking agents, just as in the case of tubocurarine block. It was 
occasionally observed that decamethonium block of the tibialis was not 
affected by neostigmine to as great an extent as was that of the gastrocnemius 
_ Of the same preparation. Reversal of decamethonium block could also be 

effected by ‘Tensilon’. The antagonism of decamethonium block by neo- 
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stigminé could be observed in the isolated phrenic nerve-diaphragm prepara- 
tion of the guinea-pig, just as in the muscles of the intact animal. This effect 
could not be produced in the corresponding isolated preparation of the rat. 
In order to ascertain whether this action of neostigmine depends upon 
cholinesterase inhibition, the experiments were repeated after giving 
doses of TEPP or DFP to inactivate all cholinesterase (cf. Hobbiger, 1952). 
Rather large doses were required before maximum augmentation of twitch 
was achieved, but, as seen in Fig. 2, neostigmine and ‘Tensilon’ now no 


1 2 3 
Fig. 2. Spinal guinea-pig. Gastrocnemius twitch on stimulation of sciatic nerve by supramaximal 
shocks every 6 sec. Contraction recorded downwards. Prior to this recording a large dose of 
TEPP had been injected intravenously. At (1) decamethonium 30 yg intravenously. At 
(2) neostigmine, and at (3) ‘Tensilon’, both 100 ug intravenously. 


longer restored twitch tension after decamethonium block, but even showed 
a tendency to intensify the block. Similar experiments are described in the 
next section. 


Effects of acetylcholine and carbachol 

It is possible to inject sufficiently large doses of acetylcholine intravenously 
into atropinized, pithed guinea-pigs to produce effects on muscular twitch 
tension. The effects are transient, but Fig. 3 shows that acetylcholine 
augmented block due to decamethonium and was more effective in the 
tibialis than in the gastrocnemius. This effect is seen to contrast with the 
complete reversal of block, and further increase of twitch tension produced 
by neostigmine. 
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Carbachol was chosen as a long-lasting, acetylcholine-like agent and could 
also be shown to intensify block due to decamethonium (Fig. 4). In fact, 
carbachol behaved in every respect like decamethonium, producing a block 
reversible by neostigmine. Fig. 5 shows the results of an experiment in which 


Fig. 3 
Fig. 3. Spinal guinea-pig, 410 g. Twitches of tibialis (7’) and gastrocnemius (@) excited by supra- 
maximal shocks to sciatic nerve every 6 sec. Contraction downwards. Intravenous injection 
at (1) of decamethonium 20 yg, at (2) of acetylcholine 200 wg and at (3) of neostigmine 
100 pg. 
Fig. 4. Spinal guinea-pig. Gastrocnemius twitch on stimulation of sciatic nerve supramaximally 
every 68sec. Contraction downwards. At (1), intravenous injection of decamethonium, 
30 yg, and at (2) of carbachol, 60 yg. 


TEPP was demonstrated to act like neostigmine in reversing block due to 
carbachol. After larger doses of TEPP, sufficient to abolish the power of 
neostigmine to antagonize tubocurarine block, neostigmine was also unable to 
antagonize decamethonium or carbachol. Similar evidence has been obtained 
on the isolated phrenic nerve-diaphragm preparation of the guinea-pig (Fig. 6). 
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Fig. 5. Spinal guinea-pig, 400 g. Twitches of gastrocnemius on stimulating sciatic nerve supra- 
maximally every 6 sec. Contraction downwards. Intravenous injections at arrows: (1) and 
(2) carbachol, 200 ng; (3) TEPP, 2 mg. Between (3) and (4) further doses of TEPP were 
_ injected until no further augmentation of twitch ensued. At (4) tubocurarine, 5 yg; (5) neo- 
stigmine, 50 yg; (6) carbachol, 200 ug; (7) neostigmine, 100 ug; (8) decamethonium, 50 yg; 

(9) and (10) neostigmine, 100 and 50 yg respectively. 


1 2 w 3 7 


Fig. 6. Isolated diaphragm of guinea-pig, suspended in 75 ml. bath and excited by supramaximal 
shocks to phrenic nerve every 7°5 sec. Contraction downwards. At arrows (1), (3), (5) and (6) 
200 pg of carbachol added to the bath. At (2) neostigmine 100 ug, and at (4) TEPP, 100 yg. 
Between (4) and (5) 1 mg TEPP was left in the bath for 15 min followed by washing. At (7) 
neostigmine 100 ug. W denotes change of bath fluid and recovery of preparation. 


DISCUSSION 


The results obtained with decamethonium and succinylcholine are consistent 
with the hypothesis of dual action suggested by Zaimis for these blocking 
agents (1952, 1953). This would place the guinea-pig among those species in 
which these substances act on the neuromuscular junction initially as 
depolarizing agents, this action giving place rapidly to one depending on 
competitive inhibition. The nature of the initial effect is indicated by the 
transient, preliminary stimulant effect occasionally observed and by the 
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contracture of the tibialis, where this occurs. It is strongly supported by the 
decurarizing action which decamethonium and succinylcholine exhibit in the 
guinea-pig, as in the cat. The conversion of this initial effect into one of com- 
petitive inhibition is suggested by the reduction in effectiveness of repeated 
doses in this species, as discussed by Zaimis for the dog, monkey, rabbit and 
hare, and also by the additive effect of tubocurarine upon an already-existing 
decamethonium block. Further evidence is provided by the antagonism of 
the block by anticholinesterase drugs, discussed below. The tibialis appears to 
be more susceptible to the depolarizing action of decamethonium than is the 
gastrocnemius and also shows less consistent evidence for the competitive 
inhibitory nature of the secondary phase of block. Since, in an animal 
perfused with saline, we have found that the tibialis is a ‘whiter’ muscle than 
the gastrocnemius, this correlation resembles that discussed by Zaimis for the 
different muscles of other species. 7 

We have shown that in the guinea-pig, the effects of carbachol on neuro- 
muscular transmission are in all respects similar to those of decamethonium. 
Whereas it could be expected that carbachol might exert neuromuscular 
blocking effects by virtue of a depolarizing mechanism, it is interesting to find 
that the similarity to decamethonium extends to the conversion of the nature 
of this action to'competitive inhibition. Yet that is what the antagonism by 
neostigmine seems to imply. | 

The abolition of a pharmacological action following treatment with TEPP 
or DFP has been accepted as proof that the action in question is the result of 
the inhibition of cholinesterase and consequent accumulation of acetylcholine 
(cf. Hobbiger, 1952). This depends on the truth of the assumption that the 
actions of TEPP and DFP are solely those of irreversible inhibitors of cholin- 
esterase. In the absence of any reason to dispute this, it appears that our 
observations of the abolition by TEPP or DFP of the power of neostigmine to 
relieve block due to decamethonium or carbachol, as well as that due to 
tubocurarine, must mean that this action of neostigmine is indeed due to 
cholinesterase inhibition and, hence, to accumulation of acetylcholine at the 
myoneural junction. This action is contrary to that observed following the 
intrav enous injection of acetylcholine and also to that of carbachol. 

It is thus clear that in the guinea-pig at least, an explanation of the action of 
the ant icholinesterase drugs upon neuromuscular transmission in terms of the 


accumulation of acetylcholine cannot be regarded as fully adequate, and that 
other factors must be involved. 


SUMMARY 
1. Decamethonium and succinylcholine block neuromuscular transmission 
n the guinea-pig. This block is initially depolarizing, as in other species. 
2. The block is relieved by neostigmine and ‘Tensilon’. This points to 
competitive inhibition as the mechanism of block in its secondary phase, 
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a situation corresponding to that found by Zaimis for the dog, monkey, rabbit 
and hare. 

3. Intravenous acetylcholine and carbachol augment decamethonium block 
and carbachol exerts a blocking action in all respects resembling that due to 
decamethonium. 

4. Neostigmine and ‘Tensilon’ do not antagonize decamethonium block 
in animals treated with TEPP or DFP. This indicates that cholinesterase 
inhibition, and hence acetylcholine accumulation, has an effect opposed to 
that found for injected acetylcholine or carbachol. 


5. These findings suggest that the present explanation of the action of 
cholinesterase inhibitors at the neuromuscular junction may not be fully 


adequate. 
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THE VARIATIONS IN INTRA-ABDOMINAL PRESSURE AND 
THE ACTIVITY OF THE ABDOMINAL MUSCLES DURING 
BREATHING; A STUDY IN MAN 


By E. J. M. CAMPBELL anv J. H. GREEN 


From the Department of Physiology, the Middlesex Hospital 
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The muscles of the antero-lateral abdominal wall are thought to aid expiration 
by pulling the costal margin downwards and by raising the intra-abdominal 
pressure. These muscles have been studied electromyographically (Campbell, 
1952; Campbell & Green, 1953) in young subjects in the supine position. It 
has been found that, during increasing pulmonary ventilation, (1) the muscles 
only come into action when the pulmonary ventilation has increased to 
a considerable extent, and the activity occurs towards the end rather than at 
the beginning of the expiratory phase; (2) the force of contraction of these 
muscles as judged from the electromyographic records is small compared with 
the force produced when performing static expiratory efforts, and very small 
compared with that produced during voluntary movements. In view of these 
findings it was decided to investigate whether the muscles of the antero-lateral 
abdominal wall do in fact aid expiration by raising the intra-abdominal 
pressure. 

The pressure may be measured at various sites in the abdomen, and absolute 
values will depend on the site chosen. The intra-gastric pressure was selected 
for two reasons. First, access is easy; second, the stomach is situated 
immediately under the left dome of the diaphragm close to the costal margin, 
and respiratory variations in intra-abdominal pressure probably affect it more 
than most other abdominal organs. 

Very occasionally slow rises and falls of the intra-gastric pressure were 
encountered which may have been due to variations in the tone of the gastric 
musc@ature. The greatest rise recorded was to 33 cm H,O. Since the rate of 
rise and fall was slow compared with the superimposed respiratory changes 
no interference with the experiments resulted. 
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METHODS 


Intra-gastric pressure. A flaccid balloon (vol. 17 ml.) was connected through a rubber tube (2 mm 
internal diameter) to an inductance manometer which was arranged to give a record through one 
of the pens of an Ediswan ink-writer. On one occasion simultaneous records were taken with the 
inductance manometer and a Hansen capacitance manometer (Hansen, 1949); the records were 
identical. 

The balloon and tube were passed via the nose and subsequently swallowed. In subjects who 
could not pass the tube through the nose, the tube was swallowed via the mouth and brought out 
at the side of the mouth-piece. The system was filled with air. The range of pressure recorded was 
0-50 om H,O. 

The electromyogram (e.m.g.). The e.m.g. of the right external oblique was obtained with surface 
electrodes and an Ediswan 4-channel oscillograph as described previously (Campbell & Green, 
1953). 

Respiration. Respiration was recorded on the electromyograph paper with a writing point 
attached to a Kendrick 6 1. spirometer. The respiration trace was ahead of the manometer and 
e.m.g. traces by a distance corresponding to 4 sec in the published records. 

The subjects were nine healthy men aged 18-27. They were examined in the supine position. 


RESULTS 
Quiet breathing 
The electromyogram showed no detectable muscular activity. The intra-gastric 
pressure at the end of a quiet expiration was 5-15 cm H,O above atmospheric 
pressure. In most subjects there was a slight respiratory variation which took 


the form of a rise during inspiration and a fall during expiration. The overall 
variation was no more than 3-5 cm H,0. 


The effects of progressively increasing pulmonary ventilation 
The subjects rebreathed from the 61. spirometer with no CO, absorber in 
the circuit. They were, therefore, subjected to both CO, excess and QO, lack. 
Before they became distressed they were encouraged to increase the volume 
of their breathing voluntarily to the order of 100 |./min. 


In all subjects the records showed three phases: 


Phase (1) (see Fig. 1). During this phase there was no detectable muscular 
activity. The variation in the intra-gastric pressure was of the same pattern as 
that occurring during quiet breathing. On occasions the magnitude of the 
variation increased but it rarely exceeded 10 cm H,0. . 

Phase (2) (see Fig. 2). Activity appeared in the muscles during expiration. 
The intra-gastric pressure showed the usual increase during inspiration, but in 
addition a slight rise in pressure occurred during expiration. During this 
phase the maximum pressure developed during expiration did not exceed that 
developing during inspiration. 

Phase (3) (see Fig. 3).. As the ventilation increased the muscular activity 
during expiration increased. Phase (3) occurred when the intra-gastric pressure 
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Fig. 1. Progressively increasing pulmonary ventilation. Subject M.Ca., supine. Records from 
above downwards: 1.G.P., intra-gastric pressure; e.m.g., electromyogram from the right 
external oblique muscle; resp., respiration (inspiration upwards). Time in seconds. The record 
was taken 1 min after the subject began to re-breathe expired air from the spirometer and 
pulmonary ventilation had increased to 27 1./min. | 


Fig. 2. Progressively increasing pulmonary ventilation. Subject M.Ca., supine. Records as in 
Fig. 1. Note that the intra-gastric pressure scale is different from that in Fig. 1. A, the 
record 24 min after the subject began to rebreathe expired air from the (pulmonary 
ventilation 341./min); B, 12 sec after A (pulmonary ventilation 42 1./min); C, 120 sec after 
B (pulmonary ventilation voluntarily increased to 96 1./min). 
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at the end of expiration had become greater than that at the end of inspira- 
tion. We term this change ‘reversal’. Commencing ‘reversal’ is shown in 
some of the breaths of Fig. 2C and strikingly in the latter part of Fig. 3. 


4 Phase 2 Phase 3 
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Fig. 3. Progressively increasing pulmonary ventilation. Subject M.Ca., supine. Records from 
above downwards: resp., respiration (inspiration upwards); 1.¢.P., intra-gastric pressure; 
e.m.g., electromyogram from the right external oblique muscle. Time in seconds. This 
record is taken from a similar experiment to that reproduced in Fig. 2. The subject was 
voluntarily increasing his pulmonary ventilation from 94 1./min at the beginning of the record 
to 108 L/min at the end. The last four breaths show ‘reversal’. 


Taste 1, The pulmonary ventilation at which (4) muscular activity was first detected, 


and (5) ‘reversal’ 
Ventilation rate (1./min) 
(a) Activity 
Subject first appeared (6) Reversal 
M.Ch. 47 . 159 
J. Hu, 57 123 
W.L. 37 92 
M.G. | 39 84 
G.M. 32 78 
D.A. 100 108 
J. Ho. 71 104 
J. Da. 26 74 
M.Ca. 34 101 
: Mean 49 102 
TaBE 2. Total respiratory variation in intra-gastric pressure at two levels of ventilation 
No. of subjects 
Intra-gastric pressure (cm H,0) “40 L/min 70 L/min 
Less than 5 5 3 
5-10 3 5 
10-15 


Table 1 shows the pulmonary ventilation at which the change from phase (1) 
to phase (2) occurred and the level of ventilation at which the change from 
phase (2) to phase (3) in intra-gastric pressure occurred (i.e. ‘reversal’). These 
results show a wide variation from subject to subject, but the minimum 
pulmonary ventilation at which ‘reversal’ occurred was high (74 1./min). In 
all subjects ‘reversal’ occurred at a higher pulmonary ventilation than did the 
onset of muscular activity. 

Table 2 shows how small are the changes in intra-gastric pressure. In only 
one of the nine subjects did the total variation exceed 10 cm H,0. 
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The effect of maximal voluntary breathing 


‘Fig. 4 shows the effect of this manoeuvre when carried out by the same 
subject who provided the previous figures. Vigorous contraction of the 
abdominal muscles occurred throughout each expiration. The intra-gastric 
pressure rose abruptly to over 50 cm H,0 at the beginning of each expiration 
and fell abruptly at the beginning of inspiration. By voluntary control the 
subjects could progress gradually to this type of breathing, but a marked rise 
in the intra-gastric pressure during expiration never occurred in the absence 
of voluntarily controlled breathing. This type of breathing never occurred in 
the involuntary respiration of asphyxia, even though the on pe became 
and distressed. 


Fig. 4. Maximal voluntary breathing. Subject M.Ca., supine. Records as in Fig. 3. The pulmonary 
ventilation is 190 1./min (the flat top of the 1.c.P. record is due to the recording pen reaching 
the limit of its sweep). 


The effect of static expiratory efforts (Fig. 5) 

Static expiratory efforts were performed as described by Campbell & Green 
(1953). The subjects maintained an expiratory pressure by centring the 
needle on a differential manometer which had been displaced by a predeter- 
mined pressure. The efforts were made at the end of a quiet expiration, i.e. at 
the resting respiratory level, when the relaxation pressure of the chest and 
lungs is zero. Kight subjects were studied. In all subjects the intra-gastric 
pressure exceeded the expiratory effort. In seven, expiratory efforts of 
10-40 cm H,O produced intra-gastric pressures exceeding the expiratory 
effort by 5cm H,0. In two of the subjects the expiratory efforts of 30 and 
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40cm H,O caused the intra-gastric pressure to rise to between 10 and 20 cm H,0 
above the expiratory effort. 

One subj ect developed high and variable intra-gastric pressures whenever he 
made an expiratory effort. We think that he was expiring not only against the 
resistance but also against his closed glottis. 


em 0 
Expiratory effort Expiratory 
— 
om Saw Expiratory effort 


1 sec 


Fig. 5. The effect of static expiratory efforts. Subject W. L., supine. Records from above down- 
wards: 1.G.P., intra-gastric pressure; e.m.g., electromyogram from the right external oblique 
muscle, Time in seconds and signal. For the duration of each signal the subject was main- 
taining a constant expiratory effort. His chest was at the resting respiratory level. 


Fig. 6. Maximal inspiration followed by maximal expiration (vital capacity). Subject G.M., 
supine, Records as in Fig. 1 (the flat top to the 1.¢.P. record is due to the recording pen 
reaching the limit of its sweep). 


The effect of a maximal inspiration followed by a maximal expiration 
(Vital Capacity test) 

Fig. 6 shows a typical record of such a manoeuvre. Our findings were 
similar to those of Mills (1950). A rise in intra-gastric pressure occurred at the 
end of inspiration which was associated with a burst of activity in the muscles. 
With the onset of expiration the intra-gastric pressure fell until the expulsion 
of the expiratory reserve volume began when there was a marked rise in 
intra-gastric pressure and considerable muscular activity. The maximum 
pressure developed was over 50cm H,0. Mills (1950) gives a range of 
57-183 mm Hg (77-250 cm H,0). 
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The effect of coughing 
Fig. 7 is a record showing a series of three coughs. A single cough produced 
a sudden rise in intra-gastric pressure and.a burst of muscular activity which 
varied with the force of the cough. Even a moderate cough caused a rise of 
pressure to 40-50 cm H,0. | 


1 sec 


Fig. 7. The effect of coughing. Subject J.Ho., supine. Records as in Fig. 1. This record shows 
three short coughs. Each of them produces a burst of muscular activity and a sharp rise in 
intra-gastric pressure. 


DISCUSSION 


The experiments were performed with the subjects supine because we wished 
to minimize the effects of gravity and posture upon the abdomen. The static 
expiratory effort experiments show that at the resting respiratory level, when 
the relaxation pressure of the chest wall and lungs is zero, an intra-pulmonary 
pressure cannot be developed by the respiratory muscles without a greater 
pressure occurring in the stomach. On anatomical grounds it appears unlikely 
that the muscles of expiration can develop intra-pulmonary pressures without 
there being some rise of intra-abdominal pressure. If the muscles of expiration 
were confined to the thorax this rise in intra-abdominal pressure would not 
exceed the intra-thoracic pressure. Our findings show that the intra-abdominal 
pressure under these conditions exceeds the intra-thoracic pressure and, there- 
fore, suggest that the abdominal muscles are the important muscles of static 
expiratory effort. 

During quiet respiration and phase (1) of the rebreathing experiments the 
intra-gastric pressure rises on inspiration and falls during expiration. There is 
no contraction of the abdominal muscles; the rise in intra-gastric pressure is 
due to the compression of the abdominal viscera by the descending diaphragm. 
The overall variation of 3-5 cm H,O corresponds to the variation in intra- 
abdominal pressure which occurs with the phases of respiration in an artificial 
pheumoperitoneum. 

The rise in intra-abdominal pressure during inspiration will aid the following 
expiration. However, the rise in pressure is small. It increases only slightly as 
the volume of ventilation increases. This is because of the distensibility of the 
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abdomen which bulges forwards and laterally. Also some of the increased tidal 
volume is obtained by an increase in costal breathing. 

As the pulmonary ventilation increases, contraction of the abdominal 
musculature occurs in late expiration. The changes in intra-gastric pressure 
due to this contraction are slight. During phase (2) the pressure developed 
during expiration does not exceed that at the end of inspiration. The part 
played by the abdominal musculature in actively aiding expiration by raising 
intra-abdominal pressure is, therefore, small. It is not until a pulmonary 
ventilation of 74-159 1./min is reached that ‘reversal’ occurs, and the intra- 
gastric pressure during expiration exceeds that during inspiration (phase 3). 
Even now the expiratory pressure rise is not large, and is occurring only 
towards the end of expiration. We did not observe ‘reversal’ in the absence of 
voluntary effort, but it is possible that it occurs at the higher levels of exercise 
ventilation. 

During maximum voluntary ventilation, on the other hand, the intra- 
abdominal pressure no longer remains relatively constant; the abrupt rise in 
intra-abdominal pressure at the beginning of each expiration will actively 
force the diaphragm upwards. 

The vital capacity test shows that expiration exceeding the resting respira- 
tory level (i.e. decrease of the expiratory reserve volume) is associated with the 
contraction of the abdominal muscles and a rise in intra-gastric pressure. 

In the erect posture the relaxation pressure at any lung volume is less than 
in the supine (Rahn, Otis, Chadwick & Fenn, 1946). It would be expected, 
therefore, that muscular contraction sufficient to produce ‘reversal’ would 
occur at a lower level of ventilation. Preliminary experiments have, in fact, 
shown this to be so: in four subjects the pulmonary ventilation at which 
‘reversal’ occurred was 55-951./min. This is still a volume of breathing 
adequate for most forms of exercise. 


SUMMARY 

1. Simultaneous recordings were taken of respiration, intra-gastric pressure 
and the electromyogram of the antero-lateral abdominal musculature in nine 
healthy young male subjects in the supine posture. 

2. During quiet breathing the respiratory variation in intra-gastric pressure 
was slight; there was no detectable muscular activity. 

3. The changes occurring during increasing pulmonary ventilation are 
described. A level of pulmonary ventilation sufficient for most forms of 
exercise was attained with relatively slight respiratory variation in intra- 
gastric pressure. 

4. Maximum voluntary breathing was associated with marked changes in 
intra-gastric pressure which rose abruptly at the beginning of expiration and 
fell abruptly at the beginning of inspiration. 
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5. The effects of coughing, the vital capacity test and static expiratory 
efforts are described. 


We wish to thank Prof. Samson Wright for his guidance and advice. 
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DETERMINATION OF THE ELASTIC PROPERTIES OF 
THE PERIPHERAL VESSELS IN VIVO 


By T. G. RICHARDS 
From the Physiological Laboratory, Department of Physiology and 
Histology, University of Liverpool 
(Received 1 April 1953) 


The physical properties of the circulatory tree have received increasing 
attention in recent years, not only on account of the value of such information 
in studying fundamental problems of haemodynamics, but also because of 
the possible application of the results obtained to the determination of cardiac 
output and in the study of such clinical conditions as hypertension. A con- 
siderable amount of study has been directed towards the elastic properties of 
the arterial system. There is general agreement concerning the characteristics 
of the pressure-volume curves of both arteries and veins, and, as might be 
expected, the aorta has received most attention in published work. Wiggers 
(1938) showed that for the aorta of the dog the pressure-volume curve was 
sigmoidal in shape and his findings were confirmed for the dog by Remington 
& Hamilton (1945) and by Hallock & Benson (1937) for the human aorta. It 
has also been shown by Remington, Hamilton & Dow (1945) that in the more 
peripheral part of the aorta where the muscular component of the wall 
increases, the pressure-volume curve loses the initial inflexion seen at low 
internal pressure, and this feature is also absent from the thoracic aorta in 
older human subjects (Hallock & Benson, 1937). 

Studies of the ‘histo-physics’ of the aorta by Krafka (1939), and other 
workers in this field, indicate that in general, the pressure-volume curve loses 
the initial flexure, retaining only a single inflexion as the muscular component 
of the wall increases. It may be anticipated that the pressure-volume or 
elasticity curves for the more peripheral region of the arterial tree would have 
this general form also. The modulus of elasticity of the arterial wall may or 
may not change significantly as the arteries become increasingly smaller in 
radius, and the pressure-volume relationships will depend upon this, and upon 
the arterial diameters and wall thicknesses. 

The methods of investigation used hitherto have required that either the 
vessel, or segments of it, be excised and examined in vitro by suitable — 
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or, as in Wiggers’s (1938) experiments, the vessel has been examined in situ 
in the recently killed animal. Such procedures have the obvious disadvantage 
that in either case the state of the vessel wall is far removed from normal and 
its properties may not resemble closely those of a vessel in situ of the living 
animal. In the experiments to be described, the pressure-volume curve of 
a peripheral region of the arterial system—the femoral artery and its ramifica- 
tions—has been determined in the anaesthetized cat without interference with 
the vascular tree examined. 


METHODS 


To find the pressure-volume curve of an elastic tube such as a blood-vessel, a change in volume 
must be measured at the same time as a corresponding change in pressure. Wiggers (1938) 
obtained the pressure-volume curve of the aorta of the dog by inserting into it a thin rubber 
sheath, which was inflated with liquid, and the pressure and volume changes recorded. 

In the living animal, with the vessels intact and carrying the animal’s blood in the normal way, 
it is not possible to use these methods. But a pressure-volume relationship can be determined 
either by inflating from a low to a high pressure or, provided hysteresis is negligible, by deflating 


= 


Fig. 1. Diagrammatic representation of the arrangement of the cannula and manometers 
M, mercury manometer; R, membrane manometer; C, cannula; A, aorta, L, position in 
which capacitance manometer is placed when R is not employed. 


from a high to a low pressure. If, in the intact circulatory tree in vivo, blood be suddenly 
prevented from entering a region of the vascular system by suddenly clamping the artery, 
pressure within this region falls as the blood already in it escapes peripherally. The decremental 
curve of pressure this efflux causes can be recorded as a function of time. The alteration in volume 
corresponding to a known change of pressure cannot be measured directly, but it can be deter- 

mined if two successive curves of falling pressure are recorded which differ only in that the volume 
of blood leaving the vessels in one case is greater than it is in the other. 

This is achieved by employing a circuit (Fig. 1) in which a mercury manometer of known 
dimensions and a Hurthle-type membrane manometer of negligible capacity are both connected 
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to the arterial tree. Pressure curves are recorded first with both in circuit, and then with the 
Hurthle manometer alone. 

In Fig. 2A, (a) represents the curve in which volume loss is the greater, and in which pressure 
falls from P, to P, in T sec. In this pressure region the mean flow is F,, and the volume (V,) lost 
by efflux in the time T closely approximates to F, x 7 =V,. Provided that the time intervals 
chosen are short, the error involved in thus assuming that fall of pressure is linear, may be 
neglected. The quantity V could of course be calculated more exactly from the formula fitting the 
curves. In curve (6) the pressure falls from P, to P, in a time t, the mean flow rate is F,, and the 
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Fig. 2. A: the decline of pressure in the common iliac vessel of the cat following rapid clamping 
of the aorta. Ordinates are the pressures registered by a mercury manometer (curve a), and 
by a rigid manometer (curve b). Time lapse following occlusion forms the abscissa. The letters 
T and ¢ have the meanings assigned to them in the text. B: the decline of pressure when 
@ mercury manometer and a capacitance manometer are employed. The capacitance mano- 
meter is separately tied into one common iliac artery. Ordinates are pressures in the mercury 
manometer (curve a), and the capacitance manometer (curve c) when both are in com- 
munication with the vessels. Curve (6) shows the decline of the capacitance manometer 
when it is used alone. 


volume loss (V,,) in the time ¢ is F,, x t. Now, since the total pressure change (P, — P,) is the same 
in each case and the peripheral resistance is unaltered (as will be shown later) the two flow rates 
are the same (so that F,=F,, and since V,=F, xt, and V,=F, xt), thus, 
Ve, T 
V, Faxt t’ 
The volume V lost from the system may be considered to have two components: V, the volume 
of liquid lost from the manometer as the pressure falls, and V, the volume lost from the arterial tree. 
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Vi=Vit+Ve Vo=Vs (Ms is negligible for the Hurthle manometer by comparison with the 
mercury manometer.) But os 


This becomes 

therefore 

T and t are measured from the records, and V, is given by the cross-sectional area of the mano- 
meter multiplied by the change P, — P. 

Substituting above, the value of V, is found for the pressure change P, — P,. 
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Fig. 3. Three pressure-volume curves in the cat, drawn from results obtained by the method 

described in the text; data for (a) and (b) from a mercury manometer and Hurthle mano- 

meter; for (c) from a mercury manometer and intra-arterial capacitance manometer. 


Treating the whole of the curves in this way gives a series of values of corresponding volume 
and pressure decrements from which a pressure-volume curve for the arterial region concerned 
may be constructed (Fig. 3a, b). The in vivo pressure-volume curve given by the arrangement of 
manometers shown in Fig. 1 neglects the pressure drop that must occur across the cannula when 
blood is flowing. At a later date a capacitance manometer became available, and this instrument 
replaced the Hurthle manometer. It was tied into one of the internal iliac vessels (LZ in Fig. 1), 
and recordings were made with a pen-writing galvanometer and kymograph. The curve (c) in 
Fig. 2B shows the pressure decline recorded in this manner when the mercury manometer was 
included in the system ; curve (6) is a record of pressure decline when the capacitance manometer 
alone was employed. The curve (a) shows the decline of pressure in the mercury manometer 
simultaneously with the intra-arterial pressure in curve (c). 
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In this way intra-arterial pressure curves were recorded in pairs, oue with and one without 
the meroury manometer in the system. The pressure interval P, - P, was measured on the two 
intra-arterial records, with the time intervals 7 and ¢ shown by these curves respectively. The 
volume V, was then the volume lost by the mercury manometer in the time interval 7’. The 
pressure-volume curve in Fig. 3 (c) was drawn from data derived from this variation of the 
method. 

The validity of the method was tested by determining the pressure-volume curve for a length 
of thin-walled rubber tubing, the pressure decrement curves being taken as described below and 
the calculated values for the volumes of fluid leaving the tubing after clamping compared with 
the volumes of fluid actually collected, the ‘peripheral resistance’ being a fine-bore hypodermic 
needle. The results are shown in Table 1. 


TaBiE 1. A comparison of actual and calculated efflux in a model experiment. 
Rubber tube, with No. 12 needle as peripheral resistance to flow of water-glycerol mixture. 
Pressure in Pressure in Efflux Efflux 
combined igi (calculated measured 
(mm Hg) (sec) (mm Hg) (ml.) (ml.) 
138-0 0 138-0 — —_ 
112 10 86-0 21-7 22 
91-0 20 54-0 17-5 17-4 
74-5 30 37-0 13-8 13-6 
62-0 40 27:8 10-5 110 
51-5 50 21-6 10-6 10-5 
44-0 60 17-8 6-3 6-3 
38-0 70 15-0 5-0 51 
33-5 80 — 3-8 3-7 
29-5 90 — 3-3 3-2 
26-8 100 — 2-4 2-4 
24:8 110 — 1-7 1-7 
23-0 l — 16 1-5 
21-5 130 — 13 1-3 
20-5 140 — 0-8 0-8 
19-8 150 —_ 0 0 
19-0 160 — 0 0 
18-6 170 — 0 0 
Total 100-3 100-5 
Procedure 


Cats were anaesthetized with intravenous chloralose (100 mg/kg) after induction with ether, 
and heparin (500 units/kg) was injected intravenously to prevent coagulation. The common iliac 
arteries were exposed by a low mid-line abdominal incision and a few small arteries arising from 
the root of the aorta and the iliac vessels were tied off. One common iliac artery was then ligated 
about 1 cm from its origin and the largest possible cannula introduced proximal to the ligature 
and pointing towards the heart. The other common iliac artery was left untouched. The cannula 
had a central bulb (see Fig. 1) which acted as a blood reservoir during the procedures to be 
described later. It was first filled with saline solution in the usual way. The cannula was connected 
by means of rigid-walled tubing to two manometers, one a mercury manometer in which 1 mm Hg 
change of pressure was equivalent to 0-0123 ml. change in volume, and the other a Hurthle type 
instrument equipped with a flexible metal diaphragm and a writing lever. The alternative and 
later use of a capacitance manometer has been mentioned above. Precautions were taken to 
occlude the collateral circulation to the limb in which the common iliac artery had been left 
untouched, by (a) a complete division of the musculature of the thigh and mass ligation without 
damage to the sciatic nerve, or (b) ligation of the thigh muscles in groups by wire snares, as 
recommended by Green, Lewis, Nickerson & Heller (1944), again sparing the sciatic nerve. In 
five animals the collateral circulation was not excluded in this way. The efficacy of these methods 
was demonstrated by the intravenous injection of methylene blue at the end of each experiment, 
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after clamping the hitherto untouched common iliac artery. The limb on this side (collaterals 
excluded) failed entirely to stain with dye, whereas the limb on the opposite side (common iliac 
artery cannulated ; collaterals patent) was deeply stained. 

The cannula was thoroughly flushed with blood before measurements of the rate of efflux were 
begun. During an experiment, the arterial blood pressure was recorded by both manometers 
simultaneously for a minute or two and the aorta then clamped just above its division into the 
iliac vessels. A fall of pressure, roughly exponential in ite time course, was recorded by both 
manometers. Release of the clamp was followed by a rapid return of pressure to the former 
level. The mercury manometer was then shut off from the recording system and the clamp 
reapplied so as to obtain a second record of the fall in pressure using only the membrane mano- 
meter. The two consecutive pressure curves, the first with both manometers in the recording 
system and the second with the membrane manometer alone, provided the data for a single 
determination of the pressure-volume curve of the arterial tree under examination. The procedure 
was repeated as often as was desired. 


RESULTS 


Fig. 4 shows three pressure-volume curves derived in the manner described 
from successive records on the same animal at intervals of 14 min. Table 2 
gives the data from which one of the curves in Fig. 4 was drawn, using rather 
large intervals of pressure decrement for brevity. 


Tass 2. Data for a typical example of the experimental volume curve. 
Tha of herve to them in. text. 


Perfusion 
Pressure 
He manom. decrement T t (T V 

(mm Hg) (mmHg) (see) (see) (see) (mi.) (ml.) 
97-5 70 1-10 0-018 1-082 0-086 0-0015 
88-0 12-5 2-70 0-100 2-600 0-154 0-0060 
78-0 7-0 1-80 0-170 1-630 0-086 0-0090 
70-0 6-0 2-30 0-270 2-030 0-074 0-010 
63-3 7-5 2-60 0-430 2-170 0-092 0-018 
56-5 6-0 2-80 0-800 2-00 0-074 0-030 
50-5 6-0 3-70 1-35 2°35 0-074 0-042 
45-8 3-7 3-10 1-00 2-10 0-046 0-022 
42-0 3-9 5-30 1-50 3-80 0-048 0-019 
38-2 3-5 7-70 2-15 5°55 0-043 0-017 


The lowest internal pressure reached within a period of 40 sec after clamping 
the artery in the sixteen animals examined was 25 mm Hg and the highest 
pressure 37 mm Hg. In ten animals this terminal pressure lay. between 
28 and 33 mm Hg. At this pressure peripheral flow apparently almost ceases. 
In the five animals whose collateral circulation was intact, no material 
difference in flow rates compared with the first group was observed until the 
internal pressure reached the range 35-45 mm Hg when the outflow became 
slower than in the animals with the collateral circulation occluded. 

The calculation of the rate of arterial efflux by this method could only be 
valid if vasomotor tone did not change significantly during the brief period 
of falling pressure or in the interval between the two necessary determinations 
of pressure decrement. 
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In the calculation of the pressure-volume curve from the two decremental 
pressure curves, @ change in vasomotor tone during decline has not the same 
importance, as long as any such change is consistently reproduced in each of 
the two curves. The pressure-volume curves in Fig. 4 show good agreement 
over a period of 14 min, and it may be presumed that any change in conditions 
between pairs has been reproduced quantitatively. The ‘artificial’ combination 
of the ‘combined’ curve of one pair with the ‘rigid manometer’ curve of | 
another pair gave virtually the same pressure-volume graph as the correct 
pairings, provided that both pairs were recorded within a short time interval. 
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Fig. 4. Pressure—volume curves from the same animal, with an interval of 14 min 
before each series of determinations. 


DISCUSSION 


The pressure-volume curves derived by the method described are determined 
by the elastic properties of the entire arterial tree peripheral to the point at 
which the clamp was applied. The most significant feature of the curves is 
a well-marked inflexion at about 50 mm Hg which is similar to, but more 
acute than that shown in curves obtained with the lower aorta by previous 
workers, using in vitro techniques (Dow & Hamilton, 1939; Remington et al. 
1945). It is clear at the outset that this feature might be due to variations in 
peripheral resistance, and hence to differences in flow-rate below 50 mm Hg 
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between each member of a pair of curves, and that these differences are 
regularly and accurately reproduced in successive determinations. It might 
be suspected, for example, that at the lower perfusion pressures a reduction in 
regional vasomotor tone in the decremental curve of longer duration occurs, 
which is not reproduced in the curve of more rapid decline. Nichol, Girling, 
Jerrard, Claxton & Burton (1951) studied the relations between blood flow 
rate and perfusion pressure, using a ‘manometric’ perfusion system. They 
found no evidence of changing peripheral resistance which could be regarded 
as being due to the method of perfusion itself. 

The elastic properties of the arterial tree are dependent upon (a) the 
relative proportions of the various constituents of the vascular wall, e.g. 
connective, elastic and muscular tissue, which are present in any particular 
region; (b) the absolute amount of a particular type of vessel present in the 
region being examined (i.e. the effect of branching with the increase in the 
total cross-sectional area of the vascular bed). There is also the certainty that, 
while the pressure values given in the curves are those obtained at the most 
central part of the system, the pressure in the entire system examined declines 
as the periphery is reached. Thus a pressure difference exists between the ends 
of the vascular bed, which itself varies —e with the flow rate, becoming 
zero when flow ceases. 

The pressure-volume curves obtained in the present experiments are the 
resultant of a large number of curves contributed by the various regions of the 
arterial tree examined. The shapes of these curves will depend upon the 
constitution of the vascular wall, and their relative importance will depend 
upon the absolute amount of such tissue present. 

The shape of the pressure-volume curves obtained in the present experi- 
ments may be predominantly due to the elastic properties, and number, of 
the terminal ramifications, but that at pressures above 50 mm Hg in the 
common iliac artery the increasing pressure head comes to be borne more and 
more by the central vessels. Pressure (and volume) accommodation is thus 
‘passed back’ increasingly as flow rate and the pressure head increase. It is 
of interest that Green (1944) and others have shown that mean arteriolar 
pressure lies within the range 30-60 mm Hg and the curves suggest that at 
such pressures, these vessels are operating on the lower and more ‘elastic’ 
portions of their pressure volume curves. With increase of the pressure-head, 
the greatest relative increase in pressure is taken by the larger, more central, 
vessels where distensibility is greater. 

An increase in the modulus of elasticity of the smaller vessels of the femoral 
tree at higher perfusing pressures need not be the entire explanation. It is 
possible that all the muscular vascular components of the femoral tree have 
pressure-volume curves which are virtually linear, though of different gradients. 
The pressure-volume values for the abdominal aorta published by Remington 
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& Hamilton (1945) give a virtually linear graph over the pressure range 
between 0 and 120 mm Hg internal pressure. During conditions of flow when 
recorded femoral pressure is falling, the pressure difference along the vascular 
bed declines, and the total range through which it will fall is greater centrally 
than it is peripherally. Consequently, despite linearity of the component 
pressure-volume curves (were they to be examined individually) a curved 
‘functional’ pressure-volume curve would result. A small increase in the 
distensibility of the distal parts of the femoral tree would serve to augment the 
curvature of the derived curves. 

The shape of these pressure volume curves below a positive internal pressure 
of approximately 30 mm Hg must in the nature of the results be indeter- 
minate. If, however, the descending slope seen between 50 and 30 mm Hg 
were to continue in this manner to zero, the total curve would then indicate 
that the falling loss between internal pressures of 110 or 120 mm Hg to 
30 mm Hg is only about one-third of the volume held in the bed between 
pressures of zero and 110 or 120 mm Hg. This contrasts with pressure-volume 
figures published by Remington & Hamilton (1945) for the abdominal portion 
of the dog’s aorta where the similar over-all ratio is approximately 3 : 1, not 
1:2 as indicated above. In the range over which experimental data are 
available it is found that these ratios between 120 mm Hg to 50, and 50 mm Hg 
to 30 are 3: 1 and 1 : 25 respectively. 

This difference between the aortic and peripheral pressure-volume curves 
is not readily explained by the non-linearity of the pressure—flow rate relations 
described by Green et al. (1944) and by Pappenheimer & Maes (1942). The 
effluent blood may behave as if its viscosity were greater at the lower arterial 
pressures, but there seems no reason to suppose that, at the same pressure in 
each curve viscosity will be different. Consequently, so far as blood viscosity 
is concerned, it seems proper to relate volume loss with time, provided that 
the small region of pressure decrement due to this volume loss is the same in 
each curve of the pair used. 

The work of Burton (1951) and Nichol et al. (1951) suggests that the inter- 
pretation of the pressure-volume curves may involve not only the passive 
distension and deflation of the vessels by pressure, but the active component 
of vascular tone. The activity of this component is always, in greater or less 
degree, towards arterial closure. Nichol et al. have described the ‘critical 
closing pressure’ at which vascular smooth muscle exerts a tension in the wall 
of the minute vessels in excess of that produced by the blood pressure. 
Complete closure of these vessels follows rapidly, at a blood pressure which is 
greater than zero. Comparison between the peripheral vascular tree in vivo and 
the larger vessels in vitro will not include this component. The rapid decline in 
vascular volume observed at femoral pressures which were 10-20 mm Hg above 
that at which flow ceased was striking, and was constantly found. It is 
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possible that this comparatively rapid reduction in vascular volume is coinci- 
dent with the active vascular closure of minute vessels, and corresponds to the 
onset and development of ‘critical closure’. 

On the other hand, Nichol ¢ al. find that, over the physiological range of 
pressures, blood flow rate is in linear relationship with perfusion pressure, 
until flow ceases. In this respect their results differ fundamentally from those 
of Green et al. (1944) and of Pappenheimer & Maes (1942). The experiments 
described in this communication were performed only with the pressure— 
volume relationship in mind, where the efflux (V,) from the vascular tree was 
calculated over a time interval (t), at different femoral blood pressures. At 
these femoral pressures V,/¢ is the flow-rate from the vascular tree. No proper 
comparison is possible for, in the terminology used above, Nichol et al. 
calculate the volume V, in the time 7’, not V, in the time (7'—?), and JV, is not 
used. 

The results illustrate the volume relationships of the peripheral vascular 
tree in the cat, when the flow rate at any instant and the mean flow rate are 
the same, and at pressures which correspond to such flow rates. That is to say, 
there is no phasic or pulsating change of pressure within the system. It has 
been said that, on clamping the aorta, flow ceases within 40 sec even when the 
larger volume is used. Change of pressure and flow rate are therefore 
moderately rapid, but may not properly be compared to the much more 
rapid rise and fall of pressure due to a pulse, and the increase in inflow rate 
due to the consequent increase in volume of the peripheral vascular tree. In 
such circumstances the volume pulse ‘lags’ somewhat behind the pressure 
pulse (Shipley, Gregg & Schroeder, 1943; Wetterer, 1941). Nevertheless, the 
method under consideration does permit of the evaluation of the volume of 
blood held in the peripheral vascular bed until the pressure at which flow 
virtually ceases, in conditions which do not themselves bring about significant 
change in the peripheral vascular tone. 


SUMMARY 
1. A method is described for determining in vivo pressure-volume curves 
of the peripheral vascular tree of the hind limb of the cat. 
2. Some possible interpretations of the pressure-volume curve are discussed 
in relation to the anatomical regions of the vascular tree. 


The author wishes to express his thanks to Professor A. Hemingway for his helpful and 
constructive criticism of the text. 
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Following revision of certain features of the reflex activity of mammals, the 
suggestion has been advanced that the mechanism through which synchronous 
afferent volleys initiate short lasting reflexes may be different from the 
mechanism responsible for production of sustained reflexes (Brooks & Fuortes, 
1951, 1952). 

It has often been remarked that the use of a synchronous afferent volley as 
excitatory agent is unlikely to provide a comprehensive approach to the 
study of the mechanisms operating in spinal transmission (see especially 
Creed, Denny-Brown, Eccles, Liddell & Sherrington, 1932, pp. 17, 126; 
Barron & Matthews, 1938). Abnormal synchronism of the afferent discharge 
is apt to emphasize the features of reflex actions which depend upon spatial 
summation at the expense of those which may be brought about by temporal 
summation. These latter properties are completely obscured if experimentation 
is performed on preparations which are unable to respond to temporally 
dispersed impingement. For instance, anaesthetized preparations, though 
giving reflex reactions to single shocks, which are supposed to reveal activation 
of both the mono- and the plurisynaptic pathways, do not respond to stimuli 
other than sudden, and can only react with unsustained activity (Alvord & 
Fuortes, 1952; Brooks & Fuortes, 19526). Apparently they lack the properties 
which normally allow reactions to gradual stimuli and secure sustained 
reflexes. Consequently, the reflex reactions of these preparations to both 
mono- and plurisynaptic excitation should be considered inadequate for 
reaching any conclusion on the mechanisms normally responsible for temporal 
summation and sustained excitation. 

The present study attempts to approach these problems in relation to reflexes 
of muscular origin. 

Lloyd (1943a) has observed that single shock stimulation of muscular 
nerves may evoke an early and synchronous reflex wave, the ‘monosynaptic 
reflex’, and has collected considerable evidence consistent with the ‘thesis 
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that the monosynaptic reflex pathway is concerned with mediation of the 
myotatic reflex’ (Lloyd, 1952, p. 53). Other authors (e. g- Hoffman, 1952) not 
only accept this but appear to regard stretch and monosynaptic reflexes as 
essentially identical phenomena. In view of the argument mentioned at the 
beginning, it is relevant to remark that these conclusions have been reached 
by considering only early and short-lasting reactions. An attempt to interpret 
the mechanism of production of tonic stretch reflexes on the basis of the 
established features of monosynaptic reflexes has met serious difficulties 
(Eccles & Rall, 1951; Brooks & Fuortes, 1952a). In the present paper, 
features of sustained reflexes of muscular origin are analysed and compared 
to those of monosynaptic reflexes with the aim of determining whether or not 
the properties of monosynaptic reflexes so far described are a sufficient basis 
for the interpretation of sustained reactions. 


METHOD 


Acutely decerebrated cats kept at c. 38° C rectal temperature were used throughout, and only 
the results obtained from preparations which displayed extensor rigidity as well as the typical 
reflex responses to sensory stimulation have been considered. Sixty-eight animals were successfully 
prepared, and the activity of several unite was analysed in each of them. In some cases the ventral 
roots were left intact, and records of reflex activity were led off from peripheral nerves or from 
muscles. In this way the peripheral organization of the reflex message could be observed, but 
a path for antidromic invasion was left available when electrical stimulation of nerves was used 
as excitatory agent. In other cases the ventral roots were cut and used for picking up reflex 
activity. Antidromic invasion was thus avoided, but spatial organization and functional signi- 
ficance of the reflex message could be inferred only indirectly, namely on the basis of the type 
of stimulation adequate to evoke or to inhibit the reflex action. With minor exceptions, consistent 
results have been obtained with both methods, suggesting that antidromic invasion either does 
not occur following the weak stimulation used (Hoffman, 1918; Magladery, Park, Porter & 
Teasdall, 1952) or has but little influence on the reflex reaction (Lloyd, 1946). 

Electrical stimuli were generally delivered to one peripherally cut branch of the gastrocnemius 
nerve. The other branch was sometimes left intact, thus providing a path for conducting excitation 
of sensory origin to the cord and efferent impulses to part of the muscle, or, on other occasions, 
cut and used for stimulating or recording. Whenever allowed by the experimental situation, the 
effects of sensory and electrical stimulation were carefully compared, and the reflex movements 
were observed or recorded. 

Since attempts to record the slow root potentials related to the activity of the examined unit 
proved unsuccessful, condenser-coupled amplifiers were used in most of the experiments. In order 
to minimize physical interaction, none of the stimulating or recording electrodes was grounded. 

Terminology. The term ‘monosynaptic reflex’ is usually applied exclusively to the early and 
synchronous wave which follows single shock stimulation of muscular nerves. The term will be 
employed in the same sense in the present paper as the accepted definition of a specific pheno- 
menon, but it should be emphasized that such restricted use should not be interpreted as an 
implication that differently organized reactions may not also be monosynaptic, since later and 
less synchronous discharges of monosynaptic paths have been suggested (Barron & Matthews, 
1938; Lloyd & McIntyre, 1950) or demonstrated (Therman, Forbes & Galambos, 1940; Laporte & 
Lorente de Né, 1950). 4 

a rigid distinction between mono- and plurisynaptic reflex actions is often unacceptable. When 
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bombardment is present from many sources and internuncial activity is available, reflex responses 
should be considered the consequence of the global impingement upon the motoneurones and 
thus the result of a composite action, even if the path experimentally activated is purely 


monosynaptic. 


| RESULTS 
Sensory stimulation 
Localization of stretch reflexes. Liddell & Sherrington (1925, p. 226) found 


Fig. 1. Activity recorded in the cut lateral 
branch of the gastrocnemius nerve during 
stretch of the gastrocnemius muscle. The 
discharge continues throughout the dura- 
tion of the stretch. Time 10 msec; record 
read from bottom to top. 


that ‘stretch confined to the vastocrureus 
portion of the quadricepsevokes. . . a reflex 
contraction in it without evoking con- 
traction of the rectus femoris portion, and 
conversely’, Generalization of this finding 
has led to a rather rigid concept on the 
localization of stretch reflexes (e.g. Lloyd, 
1944, p. 4). Results recently obtained by 
Cohen (1952) and by Roberts (1952) 
do not substantiate this view, but since 
the experiments were performed with 
preparations which had not been exten- 
sively denervated, an attempt was made 
to repeat them in simpler conditions. 

The hind limbs of decerebrate cats were 
denervated as described by Liddell & 
Sherrington (1925), nerve connexions 
being maintained in gastrocnemius rather 
than quadriceps. Further, one branch of 
the gastrocnemius nerve was severed and 
arranged on recording electrodes. No acti- 
vity was recorded there in resting condi- 
tions or following any sensory stimulation 
other than stretch of the gastrocnemius 
muscle, but reflex activity regularly ap- 
peared following application of tension 
to the gastrocnemius and was maintained 
as long as the stimulus (Fig. 1). 

Features of unitary activity. The unitary 
activity of extensor motoneurones in 
response to stretch has long been known 
to consist of trains of impulses of regular 
and low frequency (Adrian & Bronk, 1929; 
Denny-Brown, 1929). In the present ex- 


periments the range of regular frequencies of unitary impulses evoked by 
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stretch was found to vary between 6 and 40/sec, being usually of about 
10/sec. The ratio of minimal to maximal frequency was as small as 1/1-5 
in some units and as large as 1/3-5 in others. Increase of reflex discharge 
frequency was the usual consequence of increasing the tension applied to the 
muscle (Fig. 2). Occasionally, however, in agreement with Hunt (1952), 
spontaneously active motor units were noted to cease firing following stretch 
of the muscle. The same features of unit discharge were observed by allowing 


impingement through one branch while recording from a filament of the other 
severed branch. 


Fig. 2. Activity recorded by means of a thin electrode from the gastrocnemius muscle following 
stretch of the muscle. Tension increased from top to bottom. Time | sec. 

Relationships between afferent and reflex messages. Although the messages 
which can be recorded from dorsal roots can be considered only in gross 
approximation representative of what actually impinges upon a particular 
motoneurone, it is interesting to compare the reflex discharge with the 
afferent activity induced by sensory stimulation. Fig. 3 illustrates simul- 
taneously recorded afferent activity, as led off from a thin severed dorsal 
rootlet, and unitary reflex activity. In other experiments afferent and reflex 
activity were recorded separately. To do this, tension giving rise to reflex 
contraction was applied to the gastrocnemius, and motor unit activity recorded. 
L7 and 81 dorsal roots or some of their rootlets were then severed, and the 
activity in them during application of the same tension was recorded. The 
procedure was repeated after gradual dissection down to the point where 
activity of a single stretch receptor was obtained. In none of the many 
experiments so performed was it observed that the message from stretch 
PH. OXXII. 20 
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Fig. 3. Simultaneous records of activity of a gastrocnemius motor unit (upper beam) and of 
a filament of L7 dorsal root (lower beam) during stretch of the gastrocnemius muscle. 
Time 1 sec. 


receptors was organized in cyclic pattern relating to the low regular frequency 
of the unitary reflex discharge. 
Electrical stimulation 

Effects of single shocks. Monosynaptic reflexes are often considered repre- 
sentative of stretch reflexes, and failure to elicit them by means of single 
shock stimulation of muscle nerves is rarely mentioned in recent literature 
(see, however, Eccles & Pritchard, 1937; Barron & Matthews, 1938; Teasdall, 
Park, Languth & Magladery, 1952). It has been noted that monosynaptic 
reflexes are often present in preparations (e.g. anaesthetized) which do not 
respond to most types of sensory stimulation (Brooks & Fuortes, 1952, 
p. 384). Conversely, it was found in the present experiments that decerebrate 
cats displaying good reflexes to sensory stimulation may or may not present 
monosynaptic reflexes following single shock stimulation of one or both 
branches of the gastrocnemius nerve. It thus appears that presence or 
absence of monosynaptic reflexes is not strictly related to the ability of the 
preparation to react to sensory stimuli. 

Localization of the reflex response. In contrast to what has been found in 
anaesthetized animals (Eccles & Rall, 1951) the decerebrate cats examined, 
regardless of presence or absence of reflexes to single shocks, presented 
sustained reactions to repetitive stimulation. At appropriate frequency of 
stimulation the reflex appears not only in the stimulated branch itself 
(localized reflex) but also in the unstimulated one (spreading reflex, see Cohen, 
1952). Ata frequency of stimulation of 100/sec or mare the spreading reaction 
can usually be evoked with stimulus strength barely threshold for eliciting 
the localized reflex. Occasionally signs of spreading reflex activity can be 
detected following stimulation insufficient to evoke observable localized 
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Fig. 4. Records from peripherally cut medial (upper beam) and lateral gastrocnemius nerves, 
Sweep driven by the stimulator. 1 sec exposure superimposed in each frame. Left: stimula- 
_ tion of the medial branch at constant strength throughout; frequency of stimulation from 
top to bottom: I, 10, 50, 100, 150/sec. Right: stimulation of the lateral branch at constant 
frequency (100/sec); stimulus strength increased from top to bottom (see size of afferent 
spike). Time 1 msec. 


reflexes (Fig. 4). Apparently in disagreement with the findings of O’Leary, 

Heinbecker & Bishop (1935, p. 654) weak stimuli of appropriate frequency 

were found to be suitable for eliciting excitatory action. At 100/sec frequency, 
20-2 
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the threshold voltage of stimulation capable of initiating localized and spreading 
reflexes can be the one eliciting a spike 5% maximal for one gastrocnemius 
branch. 

While the localized reflex may appear as a consequence of the first stimulus, 
the spreading reaction usually appears only after a number of stimuli and 
further builds up to a maximum thereafter. Once the reflex is established, 
both in the stimulated and unstimulated branch, a volley of reflex impulses 
follows each stimulus after a delay of about 3 msec (Fig. 5). 


Fig. 5. Experimental arrangement as in Fig. 4, but photographs taken on moving film in order 
to make each individual sweep visible. Stimulation of medial gastrocnemius nerve at 
100/sec frequency and constant strength. 1: record from medial gastrocnemius nerve; 
2: record from lateral gastrocnemius nerve. The arrows indicate the start of the stimulation. 
The records should be read from bottom to top. Time 1 msec. 


Whether activated from the same branch in which they are recorded, or 
from another branch, most units fire at a fixed time after delivery of a stimulus, 
thus giving a rather regular wave in superimposed records. These time 
relations indicate that in either situation the reflex volley resulting from 
synchronous firing of many units begins about 1 msec after the arrival of an 
afferent volley at the cord. Comparison of the various records of Fig. 4 (right 
side) shows, however, that weak stimuli can evoke, especially in the un- 
stimulated branch, signs of asynchronous activation of many units. It appears, 
thus, that the applied stimulation, besides evoking reflex volleys strictly 
related in time with the stimuli, may also elicit reflex discharges randomly 
organized in time with respect to each stimulus. 

Features of unitary activity. It was considered important to analyse some 
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features of the unitary activity elicited by electrical stimulation. This study 
shows that although the reflex volleys as recorded from many nerve fibres 
may be quite uniform in size, they are not contributed to always by the same 
units, since unitary firing elicited by such stimulation has the same features 
as the unit activity elicited by stretch and consists of regular trains of about 
10/sec frequency. In most of the units observed, the reflex firing was regularly 


Fig. 6. Records from a thin filament of Sl v.z. (upper beam) and from one branch of the 


gastrocnemius nerve.. Stimulation of the same nerve at constant frequency (100/sec) through- 
out. Voltage of stimulation increased from top to bottom (see height of spikes in lower 
beam). Time 1 sec. 


sustained as long as the stimulation. In other cases gradual decrease or 
transient increase of frequency during steady stimulation was found to occur, 
and many units responded with unsustained or irregular firing to just supra- 
liminal stimulation. Increase of either frequency or voltage of stimulation 
(Figs. 6 and 8) from minimal effective values resulted in increase of frequency of 
the unitary reflex discharge. The frequency limits of the unit firmg elicited by 
electrical stimulation were the same as those observed with sensory stimulation. 
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These features were common to all units tested. Some details of unit action 
were found, however, to differ in different units or different experimental 
situations. For instance, if unit activity elicited by stimulation of one branch 
of the gastrocnemius nerve is led off from ventral roots, some units react to 
single shock stimulation, while others can be activated only by repetitive 
stimulation. 

A systematic interpretation of such differences can be approached when, as 
often happens, a given unit can be activated through stimulation of either 
of the two branches of the gastrocnemius (see Granit & Strém, 1951, and, for 
criticism, Hunt, 1952). The experiment illustrated in Fig. 7 is representative 
of the results obtained in this way. When the lateral branch of the gastro- 
cnemius was stimulated at 100/sec, the reflex firing could be initiated already 
by the first afferent volley and was regularly sustained throughout the 
stimulation. If the first stimulus failed, the second, third or fourth was 
generally effective. Consistently, isolated shocks delivered to that branch 
could activate the unit in a certain percentage of the trials. Low-frequency 
stimulation (around 10/sec) did not produce regular repetitive firing, but only 
occasional responses to some of the stimuli, resulting in a slow and irregular 
sequence of impulses. Only when the frequency of stimulation exceeded 
60/sec could a regular rhythm of unitary impulses be obtained, comparable 
to the reflex trains elicited by sensory stimulation. The reflex impulses had 
a considerable tendency to be fired at a fixed time interval after one of the 
stimuli, Stimulation of the medial branch of the nerve was effective in 
activating the same unit only if the stimuli were repeated at more than 
60/sec. When firing resulted, this had a rhythmical character. When the 
frequency of stimulation was 100/sec, the unit was never activated before 
delivery of the fourth stimulus and the delay for initiation of the reflex 
discharge could exceed 1 sec. The moment of firing of the reflex impulses had 
little relation with the time of delivery of each stimulus. 

In experiments performed with peripheral recording, units belonging to 
a certain branch of the gastrocnemius and activated by stimulation of the other 
presented the latter described behaviour (Fig. 8). No attempt has been made 
to record from the periphery units belonging to the stimulated branch. 

Relationships between afferent and reflex messages. It appears from these 
results that a given motoneurone tends to fire at a fixed time after one 
stimulus when the stimulation is delivered to the branch of the afferent nerve 
to which it belongs and when the stimuli are large. It can then be accepted 
that this type of firing occurs as a consequence of synchronous impingement 
on a large area of the motoneurone membrane. Figs. 4 and 7 offer, however, 
some evidence that a different organization of the reflex firing relative to that 


of the afferent message may occur in oe under which the synchrony 
of impingement is reduced. _ 
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3 The factors controlling the time relations between afferent volleys and reflex 
impulses have been studied by analysing features of unitary reflex activity 
evoked by different patterns of stimulation. 


Fig. 7. Experimental arrangement as in Fig. 5. Reflex activity led off from a thin filament of 
L7 v.n. The photographic record shows unit activity elicited by stimulation at 100/sec of the 
lateral branch of the gastrocnemius nerve. The spikes are marked by a dot. The sweeps 
of the record in which reflex firing occurs are retraced in B, and the figures at the left cor- 
respond to the number of sweeps which are omitted. A is the tracing of a similar record 
displaying the activation of the same unit following stimulation of the medial branch of the 
gastrocnemius nerve. Records and tracings should be read from bottom to top. Time 
1 msec. 


In the experiment illustrated in Fig. 10 one branch of the gastrocnemius 
was stimulated at different frequencies, and at cach frequency the voltage of 
stimulation was raised to barely supraliminal values. Larger volleys were 
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Fig. 8. Unit activity recorded from the gastrocnemius muscle following stimulation of one 
severed branch of the gastrocnemius nerve at constant strength throughout. Frequency of 
stimulation A—D: 90, 100, 150, 200/sec. The upper line results from fusion of the tops of the 
afferent spikes recorded from the stimulated branch and indicates start and end of the 


stimulation. Time 1 sec. 


Fig. 9. Unit activity recorded from gastrocnemius muscle. A: subliminal stimulation of the 
central stump of the cut medial gastrocnemius nerve (frequency 100/sec). B: subliminal 
stretch of the gastrocnemius muscle. C and D: combination of the two mentioned stimuli, 
as indicated by the artifacts. Time 1 sec. The photograph was slightly retouched. 
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needed for eliciting reflex firing when the frequency of stimulation was low 
and in these conditions the reflex impulses tended to appear at a definite 
time relation with the stimuli. At higher frequencies of stimulation smaller 
volleys were sufficient for eliciting reflex impulses, and these were less strictly 


Fig. 10. Superimposed sweeps driven by the stimulator. Records of unitary reflex activity led 
off from a thin filament of L7 v.x. (upper beam) and of the gastrocnemius nerve volley. 
Stimulation of the medial branch of the gastrocnemius nerve at frequencies of 50, 75, 100, 
150, 200/sec. Stimulus strength is decreased with increased frequency in order to approach 
in each case the threshold for the reflex response. Time 0-5 msec. The unit spikes were 
retouched because too faint for reproduction. 


linked or randomly organized with respect to the stimuli. Also with 
frequency fixed the tendency for the reflex impulses to be linked in time with 
the stimuli was usually increased. as voltage of stimulation was raised from 
threshold to higher values (Fig. 11): Other results relevant to this subject 
will be briefly mentioned below. 
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Interaction of afferent excitation from allied paths 
In contradiction with a general rule relating to reciprocal innervation, 
according to which ‘stimulation of different nerve-fibres issuing from a muscle 


excites reflex contraction in that muscle and in muscles synergic with it’ 
(Sherrington, 1907, p. 339), it has been observed that afferent impulses from 


Fig. 11. | Fig. 12. 


Fig. 11. Superimposed sweeps driven by the stimulator. Records led off from a filament of 
L7 v.8. (upper beam) and from the stimulated nerve. Stimulation of one branch of the 
gastrocnemius nerve at 100/sec throughout. A and B: threshold voltage of stimulation 
(note that the top of the afferent spike is partially obscured by the base-line of the upper 
beam); C and D: higher voltage of stimulation. Beam intensity increased during upward 
deflexions. Time 1 msec. 


Fig. 12. Records of activity led off from a v.n. filament and displayed on two beams driven at 
different frequency by two stimulators. The upper beam is driven by the stimulator to the 
lateral branch of the gastrocnemius nerve at 170/sec and the lower beam by the stimulator 
to the medial branch at 205/sec. Voltage of stimulation: A: lateral 2-0, medial 0; B: lateral 0, 
medial 2-8; C and D: lateral 1-7, medial 2-5. Time 1 msec. 


one part of the gastrocnemius or quadriceps inhibits the reflex activity in the 
other part (Sherrington, 1907; O’Leary et al. 1935). The present results, as 
well as previous findings (Cohen, 1952; Roberts, 1952), reveal instead a pre- 
dominantly excitatory action of impulses from one branch of the nerve to 
gastrocnemius on the neurones of the other branch. It has been mentioned 
(see Figs. 1 and 4) that reflex activity can be elicited in one branch of the 
gastrocnemius nerve as a result of impingement of afferent impulses from the 
other branch. By allowing impingement of sensory messages through one 
intact branch of the nerve while making the other available to electrical 
stimulation, it could be shown that tension insufficient to evoke reflex activity 
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of a unit could sum with subliminal electrical stimulation and that reflex 
firing could result from the combined effect of the two stimulations (Fig. 9). 
Similar summation was observed by combining either subliminal stretch or 
electrical stimulation with subliminal stimulation apt to elicit extensor thrust 
or crossed extensor reflexes. Also, the two branches being cut, subliminal 
stimulation of one branch could sum with subliminal stimulation of the other, 
and reflex activity could be evoked by the combined effect of the two sub- 
liminal actions. This double electrical stimulation allowed effective control of 
the organization of the reflex firing with respect to the stimuli. By stimulating 
the two branches at different frequencies and appropriately adjusting the 
voltage, reflex firing randomly organized with respect to the volleys inflowing 
from one branch could be obtained by either slightly decreasing the voltage 
of the stimulation applied to that branch or by slightly increasing that 
applied to the other branch (Fig. 12). These results suggest smooth transition 
of facilitation into excitation and do not support the conclusion suggested by 
other authors that facilitatory and excitatory actions are qualitatively 
different phenomena in all situations. 


Direct current stimulation of motoneurones 

Matthews (1937) and Barron & Matthews (1938) have shown that artificial 
depolarization of spinal motoneurones may elicit repetitive impulse discharge. 
It was considered of interest to repeat the experiments, and it was hoped that 
slight changes of technique might expand their scope. When unit activity 
elicited by direct current stimulation was recorded from ventral roots by the 
technique described by Barron & Matthews (1938), it was observed that the 
response of different motoneurones differs both in the range of elicitable 
frequency of firing and in the degree of ‘adaptation’. Only some of the moto- 
neurones react to direct current stimulation with firing comparable to that 
which is typical of tonic stretch reflexes. 

In order to test whether these diversities of reaction might be related to 
functionally different types of motoneurones, direct current stimulation was 
performed without severing the root through which the current was chan- 
nelled. In this way it was possible to record unit activity from the periphery, 
e.g. from extensor and flexor muscles. 


When a difference of potential is created between a point on one intact ventral root and the 
dorsum of the spinal cord somewhere cephalad of the root entry, two paths are available to the 
current: one up along the root and to the cord electrode, the other down the root, to the body 
fluids, and from these to the cord electrode. The latter path is undesired, and the current through 
it must be minimized in order to prevent erratic results. This can be accomplished by making its 
resistance high as compared to that of the other path. To do this, extensive manipulation, including 
rotation of the cord and application of a certain amount of tension on the root cannot be avoided- 
These procedures greatly endanger the condition of the preparation and were responsible for 
many failures in the present series of experiments. 
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Fig. 13 exemplifies motor unit activity elicited by direct current tending to 
depolarize the motoneurones and recorded from the gastrocnemius muscle. 
Frequency and sustained character of the firing are well comparable to those 
observed with orthodromic excitation of sensory or electrical origin of the | 
gastrocnemius motoneurones. In the experiment illustrated the potential | 


| 


Fig. 13. Motor unit activity recorded from gastrocnemius muscle during direct current stimulation 
of the spinal motoneurones (see text). Start and end of stimulation current indicated by the 
artifacts. 40 sec elapse between end of upper and beginning of lower record. The activity 
during the omitted period is similar to that illustrated. Time 1 sec, 


difference is suddenly applied and removed. In these conditions motor impulses | 
are generated (and recorded from several motor units together with physical 
artifacts) at the beginning and end of the stimulation. If application and 
removal of current are gradual, these impulses are not present, but rhythmical 
activation gf the motor unit still occurs. Conversely, if the root is severed 
near the cord and the cut end allowed to make contact with body fluids, 
impulses occur when the current is suddenly applied and discontinued, but no 
rhythmical firing can be obtained during the flow of current. Rhythmical 
activity was not elicited by currents of opposite direction (hyperpolarizing), 
and different characters of discharge were observed in flexor motor units 
(tibialis anticus). The present results have been obtained in decerebrate pre- 
parations. According to Frank (1951, and unpublished), sustained firing cannot 
be elicited through direct current stimulation in acute spinal or in anaesthetized 
preparations. 
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DISCUSSION 


The results of the present study can be conveniently summarized as follows. 
Extensor motoneurones generate rhythmical firing similar to the discharge 
characteristic of tonic stretch reflexes (usually around 10/sec) on repetitive 
stimulation of one branch of the gastrocnemius nerve at frequencies approaching 
100/sec. Isolated shocks or lower frequencies of stimulation may elicit reflex 
discharges, but never rhythmical trains of impulses. If large volleys are used, 
the unitary reflex impulses are fired at a fixed time of about 1 msec after 
arrival of one of the volleys at the cord, but with smaller volleys the reflex 
impulses tend to be randomly organized with respect to the stimuli; in addition 
long latencies can be found between start of stimulation and initiation of the 
reflex discharge. Direct current depolarization of extensor motoneurones 
elicits generation of similar rhythmical firing. 

These results appear to be brought about by mechanisms different from 
those responsible for monosynaptic reflexes to single shocks, since these latter 
actions consist of the discharge of a single impulse from each motoneurone, 
which arises after a brief delay from the arrival of the centripetal volley at the 
cord. 

The mechanisms responsible for monosynaptic reflexes clearly do not apply 
to the results showing that the organization of reflex impulses has no relation to 
that of the afferent volleys. Also they do not provide adequate interpretation 
of the results showing strict time relations between afferent volleys and reflex 
impulses. It is not satisfactory to assume that rhythmical firing at c. 10/sec 
results from volley impingement at c. 100/sec solely because the firing of each 
impulse is followed by prolonged subnormality (Brooks, Downman & Eccles, 
1950), since in such cases rhythmical firing should also be elicited by volleys 
at c. 10/sec. This not being the case, it must be assumed that each volley, 
even if not responsible for directly eliciting an impulse discharge, contributes 
to building up and maintaining a condition which is necessary if rhythmical 
firing is to occur. What the nature of this condition might be is suggested by 
the results showing that rhythmical firing occurs as a consequence of sustained 
depolarization of the membrane of spinal motoneurones, as it happens in 
several other nervous structures (see especially Arvanitaki, 1938; Hodgkin, 
1948; Katz, 1950). Extending Eccles & Sherrington’s (1931) definition, this 
condition may conveniently be referred to as central excitatory state (c.e.s.) 
(see also Creed et al. 1932, p. 46). While volleys of cutaneous origin appear to 
elicit a c.e.s. lasting several hundreds of msec, in order to satisfy the present 
results it is only necessary to assume that each volley of muscular origin be 
transformed somewhere along the reflex path into an event exceeding 10 msec 
duration. This could be accomplished by processes similar to Eccles’s (1946) 
‘synaptic potential’ or Lloyd’s (1946) ‘residual facilitation’, which are con- 
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sidered to occur as features of monosynaptic reflexes and to correlate with 
depolarization of the motoneurone membrane. If we grant that such processes 
can be temporally summated, it can be accepted that sustained depolarization 
of the motoneurone membrane is responsible for the rhythmical firing resulting 
from orthodromic excitation or direct current stimulation of the motoneurones. 

Eccles’s (1946) synaptic potential, being followed by large after-positivities (Brooks et al. 
1950; Brock, Coombs & Eccles, 1952) and being incapable of sustained temporal summation 
and facilitation (Eccles & Rall, 1951), is an inadequate correlate of the process postulated above. 
A local depolarization similar to Eccles’s synaptic potential, but not followed by hyperpolarization 
(Brooks & Fuortes, 19526) and extensively capable of temporal summation (Brooks & Fuortes, 
unpublished), has, however, been observed to arise following stimulation of muscle nerves in the 
absence of anaesthesia and could be regarded as a satisfactory basis for the interpretation of the 
present results. 

It has been suggested that motoneurone depolarization consequent on 
direct current stimulation (Eccles, 1939) or volley impingement (Lloyd, 1946) 
has only a facilitatory effect, and that another action of shorter duration is 
necessary for generation of reflex impulses. Under this postulation uncon- 
trolled impulses randomly bombarding the motoneurones should be considered 
responsible for the rhythmical firing elicited by direct currents or by volley 
impingement when these are not linked in time to the reflex impulses. Since, 
in spinal cord experimentation, random bombardment defies experimental 
control, this postulation cannot be disproved. It can be remarked, however, 
that it is based on results showing that reflex excitation of muscular origin 
can only arise after brief and fixed delay from arrival of the afferent volley at 
the cord, and that facilitation but not excitation can spread from the stimu- 
lated nerve to allied ones (Lloyd, 19436, 1946). Because these limitations are 
not confirmed in the present study, the postulation does not receive support, 
and indeed it appears to be the consequence of generalization of findings 
obtained in limited experimental conditions. On the other hand, the view that 
the long lasting synaptic action or directly applied depolarization may itself 
generate excitation is substantiated by the results obtained on ganglia and 
showing that volley impingement generates a long-lasting excitatory action 
(Therman et al. 1940; Laporte & Lorente de N6, 1950), and that a steady state 
can elicit rhythmical firing (Bronk, Larrabee, Gaylor & Brink, 1938). 

It is suggested, therefore, that afferent messages of muscular origin may result 
in sustained depolarization of extensor motoneurones, and that depolarization 
is responsible for generation of rhythmical reflex firing through a mechanism 
similar to that established in nerve or receptors (Adrian & Bronk, 1929; 
Matthews, 1937; Barron & Matthews, 1938; Alanis & Matthews, 1952). 

If each volley of impulses results in a transient depolarization of the moto- 
neurone membrane having a time course similar to Eccles’s (1946) synaptic 
potential or Lloyd’s (1946) residual facilitation, the total state would present 
greater oscillations when the afferent discharge is organized in large volleys. 
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These oscillations might account for the finding that reflex impulses arise 
with a strict time relation to one of the afferent volleys when these are 
sufficiently large. Alternatively, such results can be explained by assuming 
that large volleys are capable of exerting an additional excitatory action of 
different nature, as recently restated by Lloyd (1946). In any case, it is 
suggested that the component of the synaptic excitatory action which is 
responsible for immediate excitation is most apparent in experimental situa- 
tions involving relatively large volley impingement but is rarely operative in 
normal conditions. 


SUMMARY 


1. If, in decerberate cats, one branch of the gastrocnemius nerve is severed, 
stretch of the gastrocnemius muscle results in reflex activity in both the 
intact and the severed branch (Fig. 1). If both gastrocnemius branches are 
severed, repetitive (c. 100/sec) electrical stimulation of one branch is also 
followed by reflex activation in both branches (Fig. 4). 

2. The unitary reflex activity elicited by either stretch or repetitive 
(c. 100/sec) electrical stimulation consists of rhythmical firing at frequencies 
around 10/sec which is sustained as long as the stimulus (Figs. 2 and 6). Both 
the latency required for initiation of the reflex firing and the frequency of the 
reflex discharge are controlled, within limits, by the intensity of stimulation 
(Figs. 2, 6 and 8). 

3. The slow rhythmicity of unit firing elicited by stretch does not relate to 
corresponding rhythmicity of the afferent discharge as recorded from dorsal 
roots (Figs. 3 and 6). In the case of electrical stimulation, rhythmical unitary 
firing at c. 10/sec can only be elicited by stimulation at c. 100/sec (Figs. 6 and 
8). The unitary reflex impulses tend to arise at a fixed time relative to the 
afferent volleys when these are large, but the relation is less strict or absent 
when small afferent volleys are used (Figs. 10 and 11). A given motoneurone 
shows greater tendency to fire at a fixed time relative to the afferent volleys 
when excited by stimulation of one rather than of the other branch of the 
afferent nerve (Fig. 7). 

4. Sublimal afferent messages converging from paths capable of exciting 
extensor motoneurones may become supraliminal by addition (Fig. 9). 

5. Direct currents flowing in adequate direction for depolarizing the soma 
membrane of extensor motoneurones result in repetitive firing with properties 
similar to those elicited by orthodromic sensory or repetitive electrical 
excitation (Fig. 13). 

6. The results are taken to indicate that development of an excitatory 
action fitting the definition of central excitatory state (c.e.s.) results from 
afferent excitation of muscular origin and is necessary for generation of 
sustained reflexes such as those described. When this condition is fulfilled, 
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synchronous volleys of sufficiently large size may exert an additional more 
rapid excitatory action which is considered responsible for eliciting reflex 
firing at a fixed interval after the afferent volleys. In the absence of such large 
volleys, only c.e.s. can be recognized as the effective excitatory agent. 

7. The similarity of the motoneurone discharges following direct current 
depolarization and orthrodromic excitation suggests that c.e.s. corresponds to 
jocal depolarization of the motoneurone soma membrane and that the 
mechanism of rhythmical reflex firing is analogous to what occurs in de- 
polarized nerves or receptors. 


We are grateful to Dr H. Grundfest and Dr D. P. C. Lloyd, who have read a provisional draft 
of this article and have offered valuable criticism and suggestions. 
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Kéttgen & Abelsdorff’s (1896) difference spectrum of the glycocholate extract 
of a single cat’s retinae provides the only data in the literature on the cat’s 
visual pigments. This is regrettable since there is no adequate basis for the 
interpretation of Granit’s (1947) electrophysiological experiments on the cat. 

It would be of value if the reactions of such photo-sensitive substances as 
exist in a retina could be studied in situ since their environment would remain 
intact. The cat’s eye admirably lends itself for that purpose. The tapetum, 
located behind the retina, has previously been shown to possess a high reflexion 
coefficient (Weale, 1953). This makes it feasible to measure changes experienced 
by a monochromatic beam of light in its path to and from the tapetum. Since 
a beam of light entering an intact eye and reflected at the tapetum passes 
through the retina twice, a comparison between the intensities of the incident 
and emergent beams provides a way for observing intra-retinal changes. 

While the present work was in progress, Hagins & Rushton (1953) used 
a similar method in an investigation of the albino rabbit, and thus showed 
that the above principle is practicable. 

The present method is at a disadvantage as compared with those of 
orthodox photochemistry because of the inevitable reduction in accuracy. But 
it scores over im vitro investigations in enabling one to examine the photo- 
sensitive material in the state in which the latter mediates the visual act. 
Furthermore, it reduces to a minimum the time elapsing between the com- 
pletion of bleaching and the onset of the measurement of regeneration, 
a factor of some importance if quickly regenerating components are present 
in the retina. While it cannot improve on the measurements made by 
investigations in vitro the im situ method can uncover material which is 
outside the reach of the others. 
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METHOD 


The apparatus used was the same as that previously described (Weale, 1953). A beam of light, 
rendered monochromatic by a Hilger Barfit Monochromator, was divided in two by a mixing 
prism, one half of whose diagonal face was silvered. One beam entered the cat’s eye, the other 
passed through a neutral wedge and was returned after reflexion at a magnesium oxide surface. 
The two beams—one reflected at the tapetum, the other at the MgO surface—were juxtaposed as 
previously described, and their intensities matched visually by adjustment of the wedge. This 
photometer was easily converted into an ophthalmoscope, a fact which made it possible to keep 
a continual check on the animal’s fundus, and thus to detect eye-movements. 

One of the major problems of this work was created by the dioptrics of the cat’s eye. Since it 
was desirable to measure also the light absorption by the pre-retinal media, the refractive power 
of the eye was neutralized by fitting a contact lens of 60D. The two principal radii of curvature 
had been previously measured in four eyes on a keratometer, and the lens designed accordingly. 
It fulfilled its object satisfactorily: a beam of light could be brought into sharp focus on the 
retina without altering the position of the eye both when the lens was fixed to the eye, and when it 
and the ocular media had been removed. This made it possible to direct on to any particular 
retinal area the image of either the white filament of a 12 V, 48 W car lamp, or that of the 
monochromator slit. The former, somewhat out of focus in order to provide a uniform patch of 
light, bleached the retina; the latter was used to observe the course of its photochemical recovery. 

Heating of the retina. In order to ascertain the extent to which the retina would be heated by 
the bleaching light, the blackened bulb of a mercury-in-glass thermometer was placed in the 
focused white beam (the bulb being larger than the cross-section of the beam), and the rise in 
temperature observed over 10 min. It amounted to 0-5° C. and could thus be ignored. 

Hye-movements. A number of drugs were tried to suppress eye-movements. Of these, urethane 
produced the least, and p-tubocurarine the most satisfactory results. 


Procedure 

The animal was anaesthetized with pentobarbitone sodium and decerebrated. p-tubocurarine 
(8 mg) was then administered intraperitoneally to eliminate eye-movements. A slit was cut in 
the temporal corner of the eye and the anterior part of the nictitating membrane excised. Stitches 
made in the upper and lower lids respectively exposed the whole of the pupil, previously dilated 
with atropine. The animal’s head was then inserted in a special head-clamp which permitted 
access to both eyes but rendered head-movements impossible. Thereupon the preparation was 
located in front of the photometer and the contact lens inserted. While the lens was being fitted | 
physiological saline was squirted between it and the cornea so as to balance any discrepancy 
between the lenticular and corneal curvatures respectively. Care was taken lest excess saline 
overflowed the lens and smears appeared on its anterior surface. The animal’s head was next 
adjusted accurately so as to obtain a sharply focused slit image on the fundus. The image 
(3x 4mm), which covered about 200,000 receptor cells, was then viewed ophthalmoscopically 
and a drawing made of its precise location with respect to the capillary pattern of the fundus. 
The beam was so adjusted as to overlie a small capillary whose dark streak on the light image 
made it possible to check on their relative positions whilst the retinal recovery was in progress. 
Next an approximate measurement of the tapetal reflectivity was made in order to determine 
the neutral filter required in the test-beam. A renewed ophthalmoscopic examination ensured 
that no measurable reflexion of light could be observed at the filter and lens surfaces. 

Then the white bleaching light (luminance = 228,000 foot-lamberts) was switched on and directed 
at the retinal area under observation. The exposure to this bright light lasted 5 min. Switching 
off the bleaching light coincided with switching on the monochromatic beam of wave-length A,: 
thus the first measurement of the course of recovery could be made immediately after cessation 
of bleaching, The measurements were repeated every minute during half an hour. Repeated 
checks were made on the position of the slit-image. At the end of the half an hour the fundus was 
illuminated and the position of the image compared with the drawing. ae 
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precise agreement the measurements were rejected. When they did agree, however, the eye was 
again exposed to the white bleaching light for 5 min, and then three or four more readings of the 
course of recovery were noted. The measurements of the previous half an hour were considered as 
valid only if (a) no eye-movement had been detected, and (6) the second readings recording the 
course of recovery were in substantial agreement with the corresponding ones of the first set. 
Next the wave-length of the monochromatic light was changed to A, and the whole procedure 
repeated. Wave-lengths at steps of 20 mp were used between 440 and 640 my, i.e. eleven in all. 
Their selection was random. The recovery was measured with each of these wave-lengths three 
times in three animals in turn. It was possible to make measurements with up to seven different 
wave-lengths in one day. Between the measurements the lens was removed and the cornea 
irrigated for a few minutes with a saline dripper at a rate of 2-3 drops per min. This was done 
in order to avoid damage to the cornea which suffers if anoxic for long periods (Langham, 1952). 

It was evident that the changes in the intensity of the test-beam were not taking place in the 
pre-retinal media. In order to decide whether they were taking place in the retina or the tapetum, 
the media and retina were removed by a method previously described (Weale, 1953). Next the 
tapetum was exposed to the bleaching light for 5 min and tested with light of wave-lengths 500 
and 620 my in turn. The changes registered were no greater than might be accounted for by the 
ageing of the tapetal surface (cf. Weale, 1953), and, unlike those observed in the intact eye, 
irreversible; on bleaching for a second time the former variation could not be retraced. It would 
thus appear that the tapetal reflectivity can be considered as constant in any one determination 
of the recovery. It follows that the site of the photosensitive substance producing the changes in 
the monochromatic test-beam must be in the retina. 

In order to obtain a measure of the maximum recovery after exposure to the source of white 
light, the time-course was observed for 50 min with a wave-length of 500 my. It was repeated in 
the same animal under identical physical conditions 3 hr later. 

In two or three animals, the recovery was found to proceed with an amazing speed, being 
complete in about 2 min or less: in such instances three or four readings were taken every minute. 
There has been no opportunity as yet for studying these cases in the detail which they merit. 


RESULTS 


Three records of the recovery (four in the case of A=500 my) were averaged 
minute for minute, every mean for each wave-length being plotted in Fig. 1. 
The measured change in density is plotted along the ordinate, the time along 
the abscissa. Since the test-beam passes through the retina twice, the measured 
is equal to twice the actual change in density. As might be expected, the 
overall change is maximal in the region of 500 mu. The data obtained at the 
longer wave-lengths show a rapid increase in density during the first few 
minutes: this was more marked in some cases and less so in others. At the 
longer wave-lengths, also, there is a general tendency towards an overall 
decrease in density. This was reversible, and had been noted also in pre- 
liminary experiments. Values were obtained from eighteen cats. 

The recovery traced for 50 min is shown in Fig. 2 where the black circles (@) 
record measurements started at 11.27 a.m., and the white ones (©) another 
series, started 3 hr later at the identical retinal spot in the same eye of the 
same cat. The latter are shifted bodily downward probably owing to the 
deterioration of the cornea (but the change in density is unaltered). 

Fig. 3 shows a sample of the ‘rapid’ recovery. The series © was followed 
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Fig. 1. Recovery data, showing the change in density plotted against time. The figure above 
each set of data refers to the wave-length of the measuring light. 
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Fig. 2. Recovery data obtained during 50 min with light of wave-length 500 my. @, measure- 
ments started at 11.27 a.m.; O, a similar series, started for the same retinal location in the 


same eye at 2.38 p.m. on the same day. 
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10 min later by the one marked 9. Figs. 2 and 3 are records of the actual 


density readings, and not the corresponding density changes, in order to show 
the reproducibility of the data in any given eye. 
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2 
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Time (min) 
Fig. 3. An example of rapid regeneration. © was observed 10 min after ¢. 


DISCUSSION 


While light bleaches visual pigments, its absence favours their regeneration 
under conditions which have been investigated already by Kiihne (1878) in 
connexion with frogs’ retinae. Regeneration, however, is known to take place 
also in mammalian retinae (Zewi, 1939) and, like in vitro bleaching, is not 
instantaneous. A visual pigment being characterized by an absorption 
spectrum, its bleaching and regeneration are deduced from the disappearance 
and appearance respectively of the absorption spectrum. The only reliable 
characteristic, however, is the difference spectrum, which measures the change 
in absorption taking place during bleaching and regeneration. If the bleaching 
process is reversible, then the bleaching difference. spectrum and the regenera- 
tion difference spectrum should be identical. There is little doubt that this is 
the case im situ, since retinal sensitivity curves would otherwise exhibit a 
smaller reproducibility than they in fact do. 

The spectral variation of regeneration. Fig. 1 shows that the time-course of 
recovery is different for short and long wave-lengths respectively. The decrease 
in density observed at some of the longer wave-lengths cannot be accounted 
for as yet. It would not, however, appear to be attributable to changes in 
the tapetal reflectivity. In the first place, no correlation could be discovered 
between tapetal colour and the occurrence of the decrease in density. Secondly, 
when all the pre-retinal and retinal media had been removed, the only 
change in tapetal reflexion which was observed could easily be accounted for 
by an ageing or drying effect of the tapetum—this was irreversible, i.e. the 
density of a tapetum which had been ‘bleached’ did not change in opposite 
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senses during the recovery and a second ‘bleach’ respectively. Moreover, 
such an ageing effect is not likely to take place in the intact eye. 

The decrease in density observed at the long wave-lengths can, none the less, 
be due to a change in the zero point owing to intra-retinal changes, which do 
not lead to a stimulation of the optic nerve fibres. A change in the scattering 
power of the retina, due to photochemical changes, could account for this. 
This would bring the results into better agreement with other photochemical 
data, but the suggestion must, for the time being at least, remain hypothetical. 

A change in the base-line, however, cannot produce an overall change in the 
spectral variation of the rates of recovery. The ratio 


(rate of recovery) + (absorption) 


which can be shown to be a constant, independent of wave-length when only 
one photosensitive pigment is present, is found to depend on the wave-length; 
this suggests the presence of more than one photosensitive component in the 
retina undergoing recovery. 

Characteristics of the visual pigment. In themselves, these recovery data do 
not reveal what pigment is being regenerated, although the spectral variation 
in the time-courses suggests one with a maximum at or near 500 my. In order 
to obtain a regeneration spectrum one could subtract the first from the last 
reading (Dj_59—D;~9), and plot this value (359), for every wave-length. But 
this would be rather wasteful as all the other observations would be ignored. 
Free-hand curves would give a better estimate, but orthogonal polynomials 
(Fisher & Yates, 1943) yield the most reliable value of 5,5. These functions 
were fitted to the several sets of data in Fig. 1 and 4,, calculated. This value, 
representing the density change in 30 min is plotted for each wave-length in 
Fig. 4a and is given by ninety-three observations: in this, as in Fig. 46 and 
¢, each point represents the actual change in density, i.e. the measured changes 
have been halved. Now, whereas orthogonal polynomials of higher orders 
produce no appreciable change in the form of the function at the shorter 
wave-lengths, this is not the case at the longer ones: this confirms what one 
finds by inspection of Fig. 1, namely that there is a spectral dependence of 
the time-course of regeneration divided by absorption. 

The spectral variation of 8,, was compared with the absorption spectrum of 
a known visual pigment in the following manner. The exact maximum of 855 
was ascertained to be at 498-4 my by calculating a polynomial of the 
second. order for the data between 440 and 560 my: the calculation to the 
third order wrought a change of only 0-1 my. Thus nearly 700 observations 
were used for the determination of the wave-length of maximum absorp- 
tion. The value of Ssonux. corresponding to it was calculated by substitution 
in the expression for the polynomial. Now Dartnall (1953) has shown that 
all the visual pigments so far discovered are characterized by absorption 
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Fig. 4 (a). The spectral variation of the density change observed in the course of 30 min. For 
details see text. (b) The spectral variation of the density change observed during the last 
20 of the 30min. (c) The difference between (a) and (6), i.e. the spectral variation of the 
density change corresponding to the first 10 min. The black circles (a) represent the differences 
between the values of the orthogonal polynomials at t=30 and ¢=0 min respectively, as 
derived for each wave-length from Fig. 1. In (b) they represent the differences between 
¢=30 and ¢=10 min, obtained from another set of orthogonal polynomials, calculated only 
between ¢=10 and t=30 min. The white circles (c) represent the differences between the 
black ones in (a) and (b) respectively. The curves are the best fits of the visual pigment 


template. The crosses ( x) represent Granit’s values for the dark-adapted cat’s dominator 
function. 


328 
(a) 
0-05 
| (b) 
0 
e 


THE CAT’S RETINA 329 


spectra which follow a common pattern. He calculated a nomogram from 
which could be predicted the percentage absorption at any wave-length 
provided the wave-length of maximum absorption was known. On multi- 
plying the percentages in the nomogram by 8,,,,. it was possible to plot that 
absorption spectrum which best fitted the present data: it is represented 
by the curve (Fig. 4a). There are several discrepancies between the points 
and the curve. A calculation of the standard errors of the mean in terms of 
forty-five estimates of the slope of each recovery curve (sixty in the case 
500 my) made it possible to apply Fisher’s z-test to the discrepancies between 
the experimental and the theoretical data: they were found to be significant 
on a level of probability of less than 1%. 

The differences between the observed and the expected data are appreciable 
in the region of 580 my. Furthermore, a rapid initial recovery was detected 
with light of this and neighbouring wave-lengths. It might thus be instructive 
to determine the course of events when the first few minutes are ignored. 
Accordingly, separate orthogonal polynomial expressions were calculated for 
only the last 20 min. The corresponding density changes are shown in Fig. 4). 
The wave-length of the expected absorption maximum was calculated as 
before and found to be at 497-8 my. The agreement between this and the data 
is much more satisfactory; it should be emphasized that the scale of Figs. 46 
and ¢ is twice that of Fig. 4a. If the points in Fig. 45 are subtracted from those 
in Fig. 4a, the values shown in Fig. 4c are obtained: they represent a more 
accurate estimate of the density change during the first 10 min than would be 
obtained by fitting curves to the first eleven experimental points. The agree- 
ment between the points and the common pattern (whose location was 
determined as before) is poor: a marked hump appears in the region of 600 my. 
It is possibly a coincidence—but even as such it is noteworthy—that the 
peaks in Fig. 4c fall within the spectral regions in which Granit (1947) noted 
maximum modulator activity in the ‘light-adapted’ cat. This is revealed even 
more clearly when only the first 5 min are considered: there is a definite dip 
at 500 mu. But these data are not sufficiently accurate to carry conviction. 
It is clear, however, that concentration on the first few moments after on situ 
bleaching may pay handsome dividends. 

Any photosensitive retinal extract, absorbing maximally at about 500 my, 
has generally been considered to be ‘visual purple’. Dartnall has found, 
however, that whereas the frog pigment, the original ‘visual purple’, absorbs 
maximally at 502 mu, extracts from mammalian retinae (rat, cattle) produce 
difference spectra with maxima at 497 + 2 my (cf. Crescitelli & Dartnall, 1953). 
The present results are compatible with this value. 

The cgmmon pattern as given by the nomogram refers to absorption 
spectra. In the present case, however, it was difference spectra which were 
measured. Would one expect close agreement between the two? In the first 
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place, the difference between absorption and difference spectra is appreciable 
only on the short-wave side of the maximum. Fig. 45 shows that, with the 
exception of the rather inaccurate point for 440 mp, the present difference 
spectrum agrees with the absorption template. This agreement supports the 
view (Arden, 1953, personal communication) that the yellow decomposition 
products of bleaching disappear instantaneously if the visual pigment is not 
removed from the cells of the bacillary layer. 

The in situ density of the principal visual pigment. Fig. 2 shows that the 
recovery, measured with light of wave-length 500 my, was very nearly 
complete after 35 min. A consideration of these results and those shown in 
Fig. 4a makes it unlikely that the maximum density change caused by the 
white light here used should exceed a value of 0-09-0-1. This value is greater 
than that found by Dartnall for the rat and cattle and by Crescitelli & Dartnall 
for man (1953); this is not surprising considering that the cat is a nocturnal 
animal, which probably makes more use of the scotopic vision than does the 
rat. The value for the cat is much lower than that for the frog (0-25), and also 
than 0-2, measured in the rabbit in situ (Hagins & Rushton, 1953). 

Rapid regeneration. This is illustrated in Fig. 3. Comparable data have been 
obtained also for a few wave-lengths other than 540 my, but they are insuf- 
ficient to enable one to interpret either the rate or the magnitude of the 
recovery. 

Comparison with electro-physiological data. Fig. 4a also shows a comparison 
between the present experimental data and records of the cat’s scotopic 
dominator (Donner & Granit, 1949), obtained from a retinal area which is free 
from the tapetum (cf. Weale, 1953). 


SUMMARY 


1. The photochemical recovery of the cat’s retina was observed for 30 min 
after 5 min illumination with white light of 228,000 ft.-lamberts. The recovery 
was measured with eleven different wave-lengths in terms of an increase in 
density of a retinal substance, thought to be visual pigment 497. 

2. The spectral variation of the recovery shortly after cessation of bleaching 
suggests the presence of more than one photochemical component. 

3. The maximum change in density, observed after 35-40 min recovery, is 
not likely to exceed 0-09-0-1 under the present experimental conditions. 

4. A type of rapid regeneration has been observed. 


My thanks are due to Mrs M. Bloomfield and to Miss D. Taylor for their able assistance in these 
experiments. 
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THE EFFECTS ON COLOUR VISION OF ADAPTATION TO 
VERY BRIGHT LIGHTS 


By G. 8. BRINDLEY 
From the Physiological Laboratory, University of Cambridge 
(Received 9 April 1953) 


It is conspicuous that large changes in the appearance of colours can be pro- 
duced by adaptation to coloured lights without markedly changing the eye’s 
colour-discriminating power, and without upsetting colour matches made 
between lights of different spectral composition; indeed Von Kries (1878), 
having deduced from Helmholtz’s form of the trichromatic theory that no 
colour match should be upset by adaptation, tested matches of white against 
mixtures of blue and yellow or red and blue-green before and after adaptation 
to various coloured lights, and did not detect any alteration in the amounts or 
wave-lengths of the complementaries required for matching. Wright (1936), 
however, showed that very bright adapting lights could upset colour matches. 
At still higher adapting brightnesses, Burch (1898) found striking changes in 
colour discrimination. 

Section I of the present work examines in detail the properties of the upset 
of colour matches found by Wright. In part the experiments were exploratory ; 
but to a large extent they were designed to test certain definite hypotheses 
concerning retinal mechanisms in colour vision; for example, from section I (a) 
(discussion on p. 346) we can infer that the disturbance of colour matches by 
adaptation is not due to the production or destruction of a general screening 
pigment, and from section I(b) (discussion on p. 347) that, in the dichromatic 
red-green range of the spectrum, it can be fully accounted for if only two 
classes of receptor are here active, one with a spectral sensitivity curve un- 
affected by adaptation, the other affected as it would be if it contained a high 
concentration of photopigment in the unadapted state, which was partially 
bleached during light adaptation. 

Section II describes a disturbance of colour matches on passing light 
eccentrically through the pupil which resembles closely the disturbance 
produced by adaptation; and it is suggested that it has a similar cause. 
Sections ITI and IV examine in detail the states described by Burch and some 
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other analogous states. It is suggested that they provide evidence on the 
spectral sensitivity curves and other properties of single classes of receptors 


which, though not very precise, provides a useful check on inferences from 
other kinds of experiments. 


METHOD 


The apparatus used (Fig. 1) was designed by Dr E. N. Willmer for investigations on colour vision 
with very small foveal fields, and served for the present purpose with only minor modification. 

Light for the two fields to be matched was provided by the 6 V 18 A ribbon filament lamps S, 
and S,. Light from S, was focused on the entry slit of a Hilger single monochromator, whose exit 


Artificial pupil 
Observer 


Fig. 1. Diagram of apparatus. S,, S,: ribbon filament lamps. S,: spiral filament lamp. L,-L,: 
convex lenses. P,, P,: right-angled glass prisms. F,-F,: neutral or colour filters. W,-W,: 
neutral wedges. C,, C,: beam-splitting cubes. C,, C,: glass plates functioning as beam- 
splitters. M: mirror. H,, H,: stops. 


slit was imaged by the lens L, on the artificial pupil. Light from S, provided a comparison field of 
mixed light, part coming through the prism P, and the lens L,, and part through the prism P, and 
the lens L,. L, and L, formed coincident images of the filament of S, on the artificial pupil, the 
light which passed through them being recombined in the half-silvered cube C,. The two stops Hi 
and H, determined the contiguous semicircular fields 1° in diameter seen by the observer, the light 
of the H, field being transmitted by the half-silvered cube C,, that of the H, field reflected at it. 
When it was required to match a mixture of two lights against a mixture of two others, glass plates 
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at 45° were inserted at C, and C,, performing similar functions to the half-silvered cubes and 
diverting some of the light from L, to pass through H,. 

The movable mirror M was usually out of the path of light, but could be swung into the position 
shown in the figure, thereby replacing the matching fields by an adapting field 3° in diameter 
provided by the lamp S,, whose filament was then imaged on the artificial pupil by the lens L,. 
The artificial pupil was a circle of 3 mm diameter, except in the experiments of section II, where 
a 1 mm pupil was used. 

The wave-bands of light in pathways other than that of the monochromator were controlled by 
filters at F,, F,, and when required F,. The intensities were controlled discontinuously by colloidal 
carbon neutral filters and continuously by neutral wedges at W,, W, and W,, operated by the 
subject by means of pulleys. 

The position of the subject’s head was fixed in relation to the artificial pupil by his biting on a 
dental impression clamped to the optical system but adjustable vertically and horizontally by 
screws. 

The relative energy of light from the monochromator at different wave-lengths was determined 
from A460 my to A680 my by Dr L. C. Thomson with an electron multiplier photocell calibrated by 
the National Physical Laboratory, and from 1520 my to A900 my with a bolometer. A smoothed 
curve incorporating both sets of data has been used in calculating the results. 

The neutral filters and wedges used were calibrated throughout the spectrum in parallel light, 
the wedges by the National Physical Laboratory and the filters in Cambridge with a Hilger 
Uvispek photo-electric spectrophotometer. Their densities were checked in the apparatus at wave- 
lengths 480 and 600 my with an electron multiplier photocell. The values determined for parallel 
light were found to need no correction. The linearity of the wedges was similarly tested in the 
apparatus at these two wave-lengths. 

The filters used to determine the wave-lengths of adapting lights and of test lights other than 
that provided by the monochromator are described in Table 1. The ‘equivalent wave-length’ there 
given is the calculated wave-length from which the definite integral dA of the product of filter 
transmission, photopic sensitivity of the eye (C.I.E. standard curve) and energy emission of the 
lamp is the same up to infinite wave-lengths as down to zero wave-length (this is nearly the same 
as the wave-length of maximum value of this product). Each filter wave-band formed a perfect 
match on a 1° field with monochromatic light of its ‘equivalent wave-length’ when the intensities 
were suitably adjusted. 


TABLE | 
Wave- 
length of Equivalent 
ogue transmission used in 
Description of filter no. (mp) (mp) text 

Liquid filter of cuprammonia — c. 410 438 DV (438) 
Ilford spectrum violet 601 454 V (454) 
Ilford spectrum blue 602 469 480 B (480) 
Ilford spectrum blue-green 603 492 497 BG (497) 
Ilford spectrum yellow- 605 550 550 YG (550) 
Ilford spectrum yellow 606 578 578 Y (578) 
Ilford spectrum orange 607 604 606 O (606) 
Ilford spectrum red + infra-red- 

absorbing glass 608 — 658 R (658) 
Ilford spectrum deep red 609 — 680 DR (680) 


In all the present work the errors of calibration are small compared with the experimental 
errors (the calibrations having been carried out for use in other more accurate experiments) except 
for the determinations of the luminance of adapting fields. These latter were done by comparison 
with a standard field of wave-length 578 my produced by the monochromator, whose luminance 
was in turn measured by means of an S.E.I. exposure photometer calibrated against a standard 
lamp. For yellow adapting fields, in which the primary comparison was homochromatic, the final 
accuracy is about + 20%, and for adapting fields of other colours a little worse than this. 
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All the experiments described in sections I-III were carried out on one subject, the author, who 
has normal colour vision as tested by the Ishihara (9th ed.) and Bostrim (1950) peeudo- 
isochromatic plates, and makes a normal Rayleigh match with a normal tolerance. The experi- 
ments were unpleasant in that very prolonged after-images were produced, being often very 
obvious 6-10 hr after repeated blue or violet adaptation. Even 8 months after the last experiment, 
the author's left eye, which was used throughout, showed, when looking at any moderately bright 
uniform field, a faint after-image reproducing the details of shape of the slightly irregular adapting 
field. For these reasons it was not possible to repeat on other subjects the very large number of 
re-adaptations required to duplicate the curves obtained with the author as subject, but a number 
of limited confirmatory experiments were carried out on other subjects, and are described in 
section IV. 


RESULTS 
I. Disturbance of colour matches by adaptation 
(a) Adapting conditions fixed, matching conditions varied 
The effects of adaptation to a bright yellow light on a number of colour 
matches are shown in Fig. 2. 
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Fig. 2. Changes produced by adaptation to Y (578) at 1300 mL in log,,(amount of red) (observed 
values %, calculated values ©) and log,,.(amount of yellow-green) (observed values f, 
calculated values ©) required to match lights of different wave-lengths. 


Lights of wave-lengths 560-700 my were matched against mixtures of YG (550) and DR (680), 
with the oblique glass plates C, and C, in position and V (454) at F, to provide a desaturating 
addition to the test light. Lights of wave-length 480-520 my were matched against mixtures of 
YG (550) and V (454), with DR (680) at F,. All these matches were made first with the unadapted 
eye, then after adaptation to Y (578) at luminance 1300 mL (millilamberts) for 30 sec, matching 
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being carried out between the 10th and 15th second after removal of the adapting field. After 
adaptation, for all test wave-lengths the amount of violet required became ill-cefined. At 560 my 
and longer wave-lengths, formerly requiring a very small negative amount of violet, either none 
or a three times larger amount became tolerable. At 520 mp and shorter wave-lengths, formerly 
requiring a fairly large positive amount of violet, it became possible to increase or decrease this by 
a factor of 1-3 to 1-6, without preventing a match and without thereby making more than a just 
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Fig. 3. Changes produced by adaptation to various lights in log,,(amount of red) (#), and 
log,9(amount of yellow-green) (4) required to match light of wave-length 580 my. 


supraliminal change in the amounts of red and yellow-green required in it. Because of this in- 
determinateness, in the quantitative experiments the amount of violet in a match to be made after 
adaptation was fixed at the amount required for the unadapted eye, and only the red and yellow- 
green altered. The changes in the amounts of red and yellow-green required are shown in Fig. 2. 
Each point shows the difference between the means of six determinations before adaptation and 
six after adaptation of log ,)(amount of red) or log,,.(amount of yellow-green) in a match, and each 
vertical line has total length twice the standard error of the difference of means. 


(6) Adapting conditions varied, matching conditions fixed 


By the same technique, the effects of a number of different adapting wave- 
bands and luminances were tested on one colour match, that between A 580 mu 
and a mixture of DR (680) and YG (550). 
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Desaturating violet was omitted. A very small difference of saturation could be detected with 
the unadapted eye, none after any of the adaptations employed. Adaptation to Y (578) was tested 
at five brightness levels, O (606) at three, YG (550), BG (497) and B (480) at two each, and DR (680) 
at one, Each point in Fig. 3 shows the difference of the mean of six determinations in the adapted 


state from that of twenty-four pooled determinations in the unadapted, and once the standard 
error of this difference of means in each direction. 


It will be seen from Fig. 3 that adapting lights of all colours and luminances 
increased the amount of red required in the match and decreased the amount 
of yellow-green, the decrease in yellow-green being roughly one-fifth of the 
increase in red. 

If two or more different processes were concerned in the disturbance of 
colour matches by adaptation, e.g. if the forms of the spectral sensitivity 
curves of two or more classes of receptors were altered, the ratio A log,, R/ 
A logis & would not necessarily be the same for different adapting wave-lengths; 
indeed we should expect it to be positive for some wave-lengths and negative 
for others. But if the disturbance is due to a single process with a unique 
spectral sensitivity curve, then the constancy of A log,, R/A logy, G seen in 
Fig. 3 is explained. In the discussion, an attempt will be made to identify this 
hypothetical single process. 

The sets of points for different adapting wave-bands in Fig. 3 have been 
shifted horizontally so that the values of A log,,R lie as well as possible on the 
same curve for all adapting wave-bands, and a 0-186 time multiple of this 
curve has been drawn through the values of A log,,G. From the amounts of 
horizontal scaling required, six points on the spectral sensitivity curve of the 
hypothetical single process responsible were determined, and are shown as 
crosses on Fig. 4. To do this, it was assumed that each adapting light had the 
same action that a monochromatic light of its ‘equivalent wave-length’ would 
have had if adjusted in intensity to match it on visual comparison. This 
assumption is almost certainly valid for the orange, yellow, yellow-green, 
blue-green and blue adapting lights, which consisted of narrow wave-bands, 
and probably so even for the deep-red adapting light, consisting of a very 
broad wave-band. 


II. Disturbance of colour matches on passing all the 

light through the periphery of the pupil 
Stiles (1937) found that monochromatic light which reaches the retina from 
the periphery of the pupil appears of a different colour from physically similar 
light which reaches it from the centre of the pupil. It appears not to have been 
hitherto observed that two lights of different composition which match when 
the rays reach the retina from the centre of the pupil may not match when they 
reach it from the periphery. Fig. 5 shows the way in which the amounts of 
DR (680) and YG (550) required to match various monochromatic lights 
PH. CXXII. 22 
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Fig. 4. © and ©: log luminosity curves, referred to an equal energy spectrum, in states of artificial 
monochromacy. © : monochromacy following violet and red adaptation. © : monochromacy 
following violet and blue-green adaptation. x : values of log,,1/Z for adapting lights to have 
a constant disturbing effect on colour matches, inferred from the results of the experiment 


shown in Fig. 3. 
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Fig. 5. Changes, produced by 3 mm decentring of the eye on the artificial pupil, in log,, (amount 
of red) (observed values #, calculated values ©) and log,,(amount of yellow-green) (observed 
values ¥, calculated values ©) required to match lights of different wave-lengths. Inset: 
appearance of matching fields with the eye decentred. 
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altered when the author’s homatropinized eye was moved in relation to the 


_ artificial pupil (which was 1 mm in diameter), so that the light, which had all 


been passing through the centre of the pupil, came to pass through a region 
about 3 mm above the centre. Owing to chromatic aberration at the cornea, 
this decentring caused a slight separation of the red and green components of 
the mixed field. The appearance is shown in the inset to Fig. 5. 

An attempt was made to see whether a colour match already disturbed by 
adaptation was further disturbed by decentring to the same or a greater or less 
extent than a match made by the unadapted eye. The combined technical 
difficulties and the low apparent brightness of the fields when both decentring 
and adaptation were introduced made it impossible to get satisfactory results 
by matching; but by using single 1° fields of monochromatic light at greater 
luminance it could be seen that the apparent hue change on decentring was 
completely abolished by adaptation to Y (578) at 14,000 mL (1 mm artificial - 
pupil for both adapting and test light), although a change of actual wave- 
length corresponding to the apparent hue change on decentring the unadapted 
eye could for wave-lengths 490, 580 and 600 my be detected by an eye which 
was both adapted and decentred. 


Ill. The effects of brighter adapting lights 

Burch (1898) described the appearance of a spectrum after adaptation to 
very bright coloured lights. He found that for a short time after adaptation 
to violet followed by green, or a mixture of violet and green, only the part of a 
spectrum from the A Fraunhofer line (760 my) to midway between the G and 
F lines (about 500 mz) remained visible, and all of this appeared of one colour, 
an unsaturated red. After adaptation to a mixture of violet and red, the 
spectrum was visible from the C line (656 my) to the G (431 my), and all 
appeared of an unsaturated green. His descriptions of the effects of other 
adapting lights made it seem likely that besides these states of reduction of the 
light-discriminating power of the eye from three degrees of freedom to one 
(intensity only), states in which there were two degrees of freedom remaining 
could also be produced. 

These findings and suggestions are here confirmed, and quantitative charac- 
teristics of the 2-chromatic and 1-chromatic states given. 


(a) Adaptation to violet: artificial ‘tritanopia’ 
After adaptation for 30 sec to DV (438) at brightness 1100 mL, any mono- 


chromatic light could be exactly matched on a 1° field with a mixture of red 


and blue. Discrimination between such mixtures was good, the tolerance 
never exceeding twice that of the unadapted eye, and the dichromatic matches 
could be easily and accurately reproduced from day to day. The duration of 


this dichromatic state varied considerably with the brightness of the test field, 
22-2 
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the period of absolute dichromacy being followed by one in which dichromatic 
matches could still be made at low brightnesses, but broke down at high. With 
test fields of brightness 2 mL, dichromatic matches could be made for about 
40 sec after adaptation. Spectral mixture curves referred to an equal-energy 
spectrum, using B (480) and DR (680) as primaries, with test fields of lumin- 
ance between 1-3 and 2°8 mL (this was not kept exactly constant because the 
amount of light from the monochromator could be varied only discontinuously 
by means of neutral filters) are plotted in Fig. 6. Each point is the mean of four 
determinations, two at each wave-length having been made on each of 2 days. 
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Fig. 6. Log spectral mixture curves referred to an equal-energy spectrum in the state of artificial 
tritanopia. O : log;»(amount of B (480)). ©: log,.(amount of DR (680)). 


At wave-lengths less than 460 my, it was necessary to widen the entry slit of 
the monochromator to obtain enough light, and to add a filter to cut out stray 
light of longer wave-lengths. In these circumstances the energy values for 
light from the monochromator became uncertain, so that no mixture coefficients 
for an equal-energy spectrum can be given: Fig. 7 gives the dichromatic 
coefficient curves for the spectrum, using units of the primaries based on a 
match on A 582°5 my, and includes values for wave-lengths less than 460 mu. 


The mixture curves and dichromatic coefficient curves show a close re- ~ 


semblance to those of the dichromacy of very small central foveal fields 


(Willmer & Wright, 1945; Thomson & fishes 1947) and to those of tritanopic 
subjects (Wright, 1952). 
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() Adaptation to red: artificial ‘protanopia’ 


Adaptation for 20 sec to R (658) at 12,000 mL produced for about 10 sec 
a state in which (i) sensitivity to red was diminished in comparison with 
sensitivity to green, (ii) lights of wave-lengths from 540 to 620 mp were 
indistinguishable from each other when their intensities were suitably adjusted, 
all appearing of an unsaturated blue-green, and (iii) all monochromatic lights 
of wave-lengths from 440 to 620 my could be matched by mixtures of V (454) 
and 0 (606). This state, which in these three features resembles protanopia, 
could never, by varying the conditions, be made to complete its resemblance 
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Fig. 7. Dichromatic coefficient curves for the spectrum in the state of artificial tritanopia. 
O: amount of B (480). ©: amount of DR (680). Units based on a match on A 582-5 my. 


by including wave-lengths over 630 my in the dichromacy; these always 
appeared redder than any mixture of V (454) and O (606). The exact wave- 
length above which the dichromacy broke down varied with conditions. With 
bright test fields or adaptation periods less than 20 sec it extended only to 
about 600 my, but with dimmer test fields and 20 sec adaptation it could always 
be made to extend to 620 my and often to 630 my. 

In marked contrast to the state of artificial ‘tritanopia’, in artificial *pro- 
tanopia’ it was very difficult to obtain consistently reproducible colour 
matches. In part this was due to the brief duration of the state, but principally 
to the large tolerance for changes in the amount of violet in a colour match. 

No conditions of adaptation were discovered which would produce a third 
type of dichromacy analogous to deuteranopia. 
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(c) Artificial monochromacies | 

The first two of the three states described in this section have been 
qualitatively described by Burch (1898), and the present observations do not 
conflict with his. The third state has apparently not been previously described. 

Monochromacy following violet and blue-green adaptation. After 20 sec 
adaptation to DV (438) at 1100 mL followed immediately by 10 sec adaptation 
to BG (497) at 3500 mL, it was possible to match exactly, intensity alone being 
adjusted, any monochromatic light between 500 and 700 mp with Y (578). 
This state lasted for about 10-15 sec, and it was not difficult during this time 
to make fairly accurate and reproducible matches. Fig. 4 shows the luminosity 
curve, referred to an equal-energy spectrum, obtained in this state with test 
fields varying in luminance for different wave-lengths between 2-5 and 5-4 mL. 
Each point is the mean of four determinations, two on each of 2 days, the 
order of wave-lengths being opposite on the 2 days. 

Lights of wave-length less than 500 my could not be matched exactly with 
Y (578); they always appeared bluer. | 

Unlike the sensation produced by red light after moderate brightnesses of 
blue-green, which is more saturated than that of red as seen by the unadapted 
eye, in the present conditions of adaptation (as in Burch’s description of a 
similar state) the sensation due to red light (or light of any other wave-length 
over 500 my) was a very unsaturated red or pink. 

Monochromacy following violet and red adaptation. Adaptation to DV (438) 
at 1100 mL for 20 sec followed by R (658) at 12,000 mL for 10 sec produced 
for about 10-15 sec a state in which light of any wave-length between 480 and 
620-630 my could by adjusting intensity alone be exactly matched with 
Y (578), both fields appearing of an unsaturated blue-green. As with the 
dichromacy produced by adaptation to R (658) alone, lights of wave-length 
above 630 my always appeared redder than lights within the range of 
monochromacy. 

The luminosity curve, referred to an equal-energy spectrum, obtained in 
this state at a field brightness varying between 2-5 and 4-7 mL is shown in Fig. 4. 

‘Violet’ monochromacy. The two states just described were very similar to 
each other in duration, in the ease and reproducibility of intensity matching, 
in the unsaturated quality of the sensation, and in that visual acuity appeared 
to be as good in the adapted as in the unadapted eye. By adaptation to 
Y (578) at 14,000 mL for 10sec, a third kind of monochromacy could be 
produced with strikingly different properties. Lights of all wave-lengths 
between 400 and 500 my could be exactly matched with V (447), both fields 
appearing of a very saturated violet, substantially more saturated than any 
spectral violet as seen by the unadapted eye. The appearance of this very 
saturated violet on changing the test wave-length gradually to or from the 
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range in which it could be obtained was sudden: just outside the range the 
sensation was a very unsaturated blue-green, and only over a very small 
range of intermediate wave-lengths were intermediate degrees of saturation 
seen. The disappearance of the very saturated violet as the adaptation wore 
off was similarly sudden. 

Intensity discrimination, which in the other two monochromacies was good, 
and allowed fairly accurate luminosity curves for the spectrum to be obtained 
by matching, was in this ‘violet’ monochromacy exceedingly bad; if two violet 
or blue fields which matched for the unadapted eye were examined after yellow 
adaptation, no difference between them could be detected on increasing the 
intensity of either by a factor 4. 

The boundaries of the two test fields, as seen in this state, were conspicuously 
less well-defined than those of the same fields, or even of fields of much lower 
brightness, as seen by the unadapted eye. This observation suggested the 
measurement of visual acuity in the state of ‘violet’ monochromacy. 


To eliminate the possibility that any apparently low acuity might be due to failure toaccommodate 
correctly, all the measurements were carried out in full cycloplegia produced by homatropine, 
with an artificial pupil 3 mm in diameter and a spectacle lens placed 4 cm from the eye correcting 
vision for the working distance (54 cm) at the wave-length used in the test. The power of spectacle 
lens required was determined by trial with the unadapted eye. Acuity was measured by means of a 
series of thirteen gratings inserted to replace the stop H, in the apparatus. Each grating was a 
square of linear dimensions approximately 1-24 times those of the next smaller member of the 
series, and each contained seven opaque and eight transparent strips of equal width. A circular 
stop within the monochromator limited the viewing field to 1° 13’ at 404-7 my, 1° 18’ at 470 my, 
and 1° 22’ at 560 my, so that only the smaller gratings were seen entire, and of the largest of all 
(11-9, 12-6 or 13-3’ according to wave-length) only three transparent bars separated by two opaque 
were visible. The magnification due to the spectacle lens used at each wave-length was deter- 
mined by measuring a grating viewed under the experimental conditions by the left eye against 
a scale viewed in white light at 27-5 cm by the right, and acuity is given as the width of one black 
bar of the finest grating resolvable in units of 1’ of arc (0-080 mm) of the scale. 

Table 2 shows the results for the unadapted eye and three states of light 
adaptation at 4470 my, and for the unadapted eye and one state of light- 
adaptation at 560 and 404-7 my. It will be seen that whenever the appearance 
of the test field is that characteristic of the ‘violet’ monochromacy, the visual 
acuity falls to about 12’, and that this low value is maintained for the same 
state of adaptation over a hundred-fold variation in test luminance, whereas 
in the unadapted eye or in states of adaptation not producing ‘violet’ mono- 
chromacy, there is never so much as a tenfold range of test luminances for 
which the acuity is in the neighbourhood of 12’. 


IV. Confirmatory experiments on other subjects 

The experiments of section III were repeated qualitatively on three iki 
subjects, all of whom have normal colour vision. All the states described in 
that section could be produced by similar adapting conditions with these 
subjects. Some details of their observations are given in Table 3. 
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Taste 2. Visual —s minutes of arc, determined on the fifth second 
after a 30 sec period of li, light adaptation 
Adaptation 
Test wave- Log 
length test Y (578) Y¥ (578) B (480) 
(mp) luminance* None 14,000 mL 1300 mL 900 mL 
560 5-24 0-8 0-8 
4-20 0-8 13 
3-17 0-8 1-7 
2-13 1-3 Invisible 
1-07 2-6 Invisible 
0 >13-3 Invisible — — 
470 4-21 0-7 12-6T 1-6 1-2 
3-17 0-9 12-6 Invisible 
2-18 1-6 12-6t 12-6T Invisible 
1-10 3-3 Invisible 12-6T Invisible 
0 >1246 Invisible Invisible Invisible 
404-7 2-40 1-1 11-9f 
1-21 1-9 — 11-9f 
0 >11-9 Invisible 


go or 560 and 470 my, 1-5 wL for 404-7 my. 


Tas_e 3. Summary of observations on four subjects 


GS.B. E.W.B. E.N.W. 

Artificial tritanopia : 

Approx. duration (sec) 40 120 30 40 

Range of 2-chr. Whole spectrum Whole spectrum Whole spectrum Whole spectrum 
Artificial protanopia and | 

Approx. duration (sec) 18 14 14 

Sensation Unsstameed Pale green Pale green Dirty yellow 

blue-green 

Range (my) 500-620 520-615 520-615 500-620 
1-chr. following violet and adaptation : 

Approx. duration (sec) 10-15 20 10 14 

Sensation Unsaturated Pinkish Pink Dirty yellow 

orange 
Range (mz) 500 Fo 520 » 520 to 500 to 
extreme extreme xt red xtreme 

* Violet’ 1-chr. : 

Approx. duration (sec) 5th-20th 10th-45th 5th-20th 10th-—30th 

Sensation Very saturated Intense Very deep Very saturated 

violet blue vio 
Range (my) 500 to 510 to 500 to 500 to 


extreme violet extreme violet extreme violet extreme violet 


The agreement between different subjects is quite good. That E.N.w. saw 
the fields as dirty yellow after both violet+red and violet+ blue-green 
adaptation, though the other subjects saw them in one case as pale green and 
in the other as pink, is not so striking a disagreement as it appears, since the 
hue was not very easily named in the presence of a marked after-image, and 
without any standard for simultaneous comparison. All subjects agreed on 
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the very high saturation in the ‘violet’ monochromacy and the very low 
saturation in the other two monochromacies, and on the poor definition of the 
fields and poor brightness discrimination in the ‘violet’ monochromacy. 


DISCUSSION 

Disturbance of colour matches by adaptation 
As von Kries (1878) pointed out, if only three kinds of receptors are active in 
photopic vision, and the form of the spectral sensitivity curve of each is un- 
influenced by adaptation, then colour matches which hold for the unadapted 
eye must hold also in any state of adaptation. Since they do not, we must 
conclude either that the form of the sensitivity curve of at least one of the 
three kinds is altered by the adaptation, or that more than three kinds are 
active. Hartridge (1949), having reached the latter conclusion on other 
grounds, has used Wright’s (1936) observation that colour matches can be 
upset by adaptation to support it. But the findings of the present detailed 
examination of the manner in which they are upset are much more easily 
explained on a basis of changes in sensitivity curves than on a polychromatic 
hypothesis. 

A hypothesis that there are more than three kinds of receptors active, and 
that the trichromacy of vision as a whole results from their convergence on to 
only three classes of neurones at some more central level in the visual pathway, 
leads to the conclusion that any adaptation which depresses the sensitivity 
of different classes of receptors to different extents will change the form of the 
spectral sensitivity curves at the 3-class level determining trichromacy, and 
hence upset colour matches; and if lights of different wave-length have 
different relative adapting actions on the various classes of receptors, then 
they must alter the form of the spectral sensitivity curves at the 3-class level 
differently and hence upset colour matches differently. This is contrary to the 
results described in section I(b) (Fig. 3); and a polychromatic hypothesis 
postulating a 3-class level to explain trichromacy can only be reconciled with 
them if either: (i) none of the receptors are altered in sensitivity by adaptation 
to bright lights, and the upset of colour matches is due to some other process; 
or (ii) the activity curves for different wave-lengths in depressing receptor 
sensitivities are the same for all receptors; or (iii) only one class of receptors is 
influenced by light adaptation; or (iv) there is a mechanism which compensates 
for the disturbance of colour matches by differential adaptation of receptors, 
but introduces a disturbance of its own. 

A polychromatic theory such as that of Hartridge (1949), which denies the 
existence of a 3-class level and leaves the experimental fact of trichromacy 
unexplained, appears to require one of the same four ad hoc additional 
hypotheses, though the vagueness of Hartridge’s theory concerning colour 
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matching makes the argument (on the same lines as before, but replacing 
‘spectral sensitivity curves at the 3-class level’ by ‘the three functions of the 
receptor activities which determine whether two lights shall match’) more 
abstract and less certainly exclusive of alternatives. 

None of the four reconciling hypotheses is at all readily acceptable; the 
second and third conflict directly with the results of section III of the present 
paper, atid the first and fourth are very uneconomical, the more so since the 
3-receptor explanation to be put forward here explains also the disturbance 
of colour matches on decentring, which on a polychromatic explanation would 
require further ad hoc hypotheses. 

If we set aside the polychromatic explanation, we must accept that the form 
of the spectral sensitivity curve of at least one class of receptor is altered by 
adaptation. Concerning two possible mechanisms for such alteration, the 
present data provide information. 

Suppose first that the only relevant action of adaptation is to produce or 
destroy somewhere in. front of the receptors a pigment which screens all 
receptors to an equal extent from incident light. Then in a match of any light 
against a mixture of red and green, the change after adaptation in the ratio 
of red to green required in the colour match depends only on the changes in 
the absorption of the red and green lights by the screening pigment, and hence 
is independent of the nature of the other light that is being matched. Hence 
(A log,» —A log,.@) must in the experiment of section I (a) (Fig. 2) be constant. 
Since it is not, the hypothesis must be false. This argument, though different 
in form, is in essence the same as that by which Wright (1936) drew the same 
conclusion from his results. 

A second conceivable mechanism, analogous to that suggested by Stiles 
(1937) to explain the change of hue on passing light through the periphery of 
the pupil, is the following. If the optical density of pigment in a receptor is 
for some wave-lengths high, then the form of the sensitivity curve will, if 
Beer’s law is obeyed, vary with the pigment concentration according to the 
law 

10g-10\ 
where K’, is the sensitivity at wave-length A when the maximum pigment 
density has the very low value D’,,,,, and K, the sensitivity at wave-length A 
when the concentration is such that the maximum pigment density is D),,.; - 

The monochromatic states described in section III appear to be states in 
which all but one of the classes of receptors are so reduced in sensitivity by 
adaptation that they contribute no information whereby lights of different 
wave-length can be distinguished. If so, the spectral sensitivity curves for the 
eye in these states are spectral sensitivity curves for classes of receptors. 
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Since they are obtained in states of adaptation more extreme than those 
known to disturb colour matches, they are certainly not the same spectral 
sensitivity curves that these receptor classes have in the normal eye; but on the 
present hypothesis they are simply related to them, being the spectral sensi- 
tivities K’, for very low pigment concentration. If then we assume values for 
the peak densities of the ‘red’ and ‘green’ receptor pigments, we can use the 
data of Fig. 4 to calculate the values of A log,,R and A log,,.@ whichshould 
have been obtained in the experiment of Fig. 2, for 


(a,b, b, ay) (A,B, B, A,) 
(A, B, B, A,) (a) b, a,) 


(a,b, —b,a,) (A, B,— B, A,) 
(A, B, B, A,) (a) b, ba,) 


A R=log,, 


(2) 


A logis = logy, 


where A,, A, and A) are the sensitivities of the ‘red’ receptors and B,, B, 
and B, those of the ‘green’ receptors to DR (680), YG (550) and the test 
light respectively, and the corresponding small letters their sensitivities after 
adaptation. These sensitivities can be calculated for the assumed peak 
densities using Eqn. (1). 

The points shown as © and © in Fig. 2 give the calculated values of A log.) R 
and A log,,@ for a peak density of red-receptor pigment in the unadapted eye 
of 0-5, and a negligible peak density of green-receptor pigment (0-1 would be 
low enough for this; alternatively, the assumption that the amount of green- 
receptor pigment is not substantially altered by adaptation would lead to the 
same conclusion), The discrepant point at 550 mp on the presumed red- 
receptor curve has been adjusted from 1-92 to 1-96 in making the calculation. 
Other irregularities in the curves are untouched. The differences between the 
observed and calculated values of A log, and A log,)@ are greater than the 
experimental errors of the observed values; but in view of the great dependence 
of the calculated values, especially for wave-lengths less than 550 my, on small 
inaccuracies in the curves of Fig. 4, they may be regarded as satisfactorily — 
small. 

If any substantial change in the density of green-receptor pigment is assumed 
to be produced by the adaptation, the fit of calculated to observed values 

‘becomes much worse. The fact that these data are best fitted by assuming that 
the sensitivity curve of only one class of receptors is altered by adaptation 
agrees well with the similar inference made from independent data in section I (5) 
(i.e. from the finding that adapting lights of different wave-lengths upset 
matches similarly). The spectral sensitivity curve inferred in section 1 (6) 
(crosses on Fig. 4) for the process affected by adaptation gives further support 
to the conclusion that it is the red receptors that alone are affected, for it 
agrees within experimental error with the presumed red-receptor curve. 
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Disturbance of colour matches by eccentric passage through the pupil 

Stiles (1937) suggested that the hue changes on passing lights eccentrically 
through the pupil were not due merely to a difference in magnitude of directional 
sensitivity of different classes of receptors, but to a difference in form of the 
spectral sensitivity curves for different directions of incidence, on the grounds 
that the former mechanism would require improbable spectral sensitivity 
curves. The present finding that colour matches can be upset by decentring 
very strongly supports this suggestion. 

The upset of colour matches observed was not due to the slight difference in 
obliquity of incidence of the right and left fields, for the same upset was found 
on decentring to the right as to the left, in which cases the differences in 
obliquity were opposite; nor to the minute difference in obliquity of incidence 
of the red and green components of the mixed fields, due to chromatic 
difference of refraction at the cornea, for on decentring vertically (as was 
normally done, in order to preserve the sharp boundary between the two fields) 
the upper and lower parts of the mixed field were alike in hue and brightness, 
despite a greater difference of obliquity than that between the red and green 
components in any one part of the field. 

As with the upset of colour matches by adaptation, the fact that the curves 
of A log, and A log,,@ are not parallel excludes explanation in terms of a 
general screening pigment, e.g. a difference in absorbing properties between the 
centre and periphery of the lens. The effect can therefore only be a retinal one, 
and, if there are only three classes of receptors concerned, must be a difference 
in the form of the spectral sensitivity curve of at least one class of receptors for 
different directions of incidence, either intrinsic to the receptors or due to 
structures related to them individually. The high density of pigment postulated 
in red receptors to explain the upset of colour matches by adaptation provides 
a mechanism for just such a difference, along lines suggested by Stiles (1937). 
_ Light which reaches the receptors obliquely will pass through a smaller total 
density of pigment than light which travels along their axes, and hence the 
spectral sensitivity curves for it will approximate to those found after adapta- 
tion to bright lights. The circles in Fig. 5 show the results of calculating 
A logo R and A log,)@ assuming that the effective peak density of red-receptor 
pigment falls by 0-2 for oblique incidence. They agree satisfactorily with the 
observed values, if the errors of both are taken into account. 

The finding (section II) that a degree of adaptation sufficient to produce by 
itself a large upset of colour matches (on the present hypothesis because it 
markedly reduced the red-receptor pigment density) abolished the apparent 
hue change on decentring fits in with the above explanation, and gives some 


further support to the view that the upsets by decentring and by adaptation 
are connected. 
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The properties of the ‘violet’ monochromacy 

The low brightness discrimination found in the ‘violet’ monochromacy can 
hardly be a characteristic of the ‘violet’ or ‘blue’ pathway of trichromatic 
theory under normal conditions, for if so, then at every point in brightness- 
colour space there’ would be one direction (that corresponding to change in 
blue-pathway activity only) along which the discrimination step was very 
much greater than at nght angles to it, and this is not observed. 

The low visual acuity found in the ‘violet’ monochromacy seems likely to 
be connected with that which Stiles (1949) observed for blue flashes under 
difference-threshold conditions against backgrounds of other colours, and if so 
may well be a general character of the blue-receptor mechanism. Such low 
acuity might be explained either as (1) secondary to the low brightness 
discrimination, but this would not so well explain the low acuity under Stiles’s 
difference-threshold conditions; or (2) due to scarcity of blue receptors; or 
(3) due to the convergence of many receptors on to each ganglion cell in the 
blue-receptive pathway. 

Hither (2) or (3) would also explain the tritanopia found with small foveal or 
parafoveal fields, but if scarcity of blue receptors were the cause, then there 
should be tritanopic confusion for some positions of a pair of small fields on the 
fovea (if no blue-receptors happened to be illuminated), but not for others. 
A search for this phenomenon failed to reveal it, and an attempt to see whether 
a circular field 10’ in diameter under conditions of ‘violet’ monochromacy 
appeared to flash on and off as it was moved across the fovea also yielded 
negative results. Hence convergence is at present a more acceptable explana- 
tion of the low visual acuity than scarcity. 


SUMMARY 


1. Colour matches can be upset by adaptation to bright lights. The way in 
which a match of yellow against red+green is upset is independent of the 
wave-band of the adapting light. | 

2. Colour matches made with light passing through the centre of the pupil 
are upset when the light passes through the periphery of the pupil. The 
direction of upset is the same as that produced by adaptation, but the 
magnitude less. 

3. States resembling tritanopia and protanopia, and also states in which, 
over large ranges of the spectrum, no colour differences can be detected, can 
be produced by adaptation to certain very bright lights. Some quantitative 
characteristics of these states have been determined. 

4. All the present experimental results and some other published observa- 
tions, can be explained if (i) three classes of receptors are active in foveal 
photopic vision; (ii) the ‘red’ receptors have a maximum optical density of 
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photopigment about 0-5, which is decreased by adaptation to bright lights; 
(iii) in the foveal ‘blue’ pathway many receptors converge on to each ganglion 
cell. 


This work was done while I held a Research Studentship from the Medical Research Council. 
I am very much indebted to Dr E. N. Willmer for his advice and criticism. 
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EFFECTS OF COUGHING ON INTRATHORACIC PRESSURE, 
ARTERIAL PRESSURE AND PERIPHERAL BLOOD FLOW 


By E. P. SHARPEY-SCHAFER 
From the Department of Medicine, St Thomas’s Hospital Medical School 
(Received 9 April 1953) 


Pulse pressure, as well as mean pressure, changes have been shown to influence 
baroceptors (Ead, Green & Neil, 1952). In man, rapid pressure fluctuations 
or transients in the vascular system are derived from the heart beat (pulse 
pressure) or from external factors. One of the latter is coughing, and ‘cough 
transients’ of large amplitude can be imposed on the arterial, cardiac and 
venous pressure pulses. Some of their effects on the circulation and lungs are 
described in this paper. 

Since both coughing and the Valsalva manoeuvre raise intrathoracic pressure 
it has been found convenient to compare the two procedures. 


METHODS 
Fifty-three normal subjects were investigated. Intrathoracic pressure was measured with an 
intracesophageal water-filled polythene tube attached to a capacitance manometer (Dornhorst & 
Leathart, 1952) and intravascular pressures were also measured with capacitance manometers 
(Hansen, 1949). The Valsalva manoeuvre was performed by blowing a mercury column to 
40-60 mm Hg and holding it at that level for about 10sec. Forearm flow was measured with 
a water-filled (34°C) venous-occlusion plethysmograph and recorded simultaneously with the 
pressure curves. 
RESULTS 

Intrathoracic pressure during coughing. Ordinary intermittent coughing 
consists of an explosive expiratory effort followed by a rapid inspiration and 
further expiratory effort. Intrathoracic pressure records showed transients 
of 100-250 mm Hg according to the violence of the cough (Fig. 1). The 
duration of such transients was usually about one second. ~ 

The intrathoracic pressure changes of coughing and the Valsalva manoeuvre 
weré transmitted to the peripheral arteries, veins without valves, and chambers 
of the heart (Fig. 1). The pulse pressure decreased during coughing, as well 
as during the Valsalva manoeuvre. This decrease in pulse pressure is not 
visible in the record shown in Fig. 2, since it is obscured by the large cough 
transients; in many other records, however, it could be observed. 
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Arterial blood pressure and forearm flow following coughing. On ceasing 
intermittent coughing, arterial pressure fell below the control level, pulse 
pressure was reduced and the heart rate increased in all subjects. Blood 
pressure then rose gradually to the control level (Fig. 2). During the early part 
of this period forearm flow was increased, indicating vasodilatation of muscle 
vessels (Fig. 3). 


| 


Fig. 1. Upper curve, right auricular pressure. Lower curve intra-oesophageal pressure with 
arterial pressure superimposed in records (2) and (3). Four cough transients are shown in 
the first record, two in the second and the effect of the Valsalva manoeuvre in the third. 
Calibration in mm Hg and time marker in seconds in this and subsequent records. 


Fig. 2. Arterial pressure showing effect of a few large cough transients. 


In contrast, following the Valsalva manoeuvre, there was a rise of blood 
pressure, bradycardia, and constriction in the forearm (Fig. 4). 

Blood flow changes in a sympathectomized limb. Two subjects with sympa- 
thectomized upper limbs were studied. The forearm flow followed arterial 
blood pressure, increasing during the overshoot after the Valsalva manoeuvre 
and decreasing during hypotension following coughing. Vasodilatation fol- 
lowing coughing in normal limbs was therefore mediated through the vaso- 
motor nerves. 
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Intrathoracie and cardiac pressures following cessation of coughing. In early 
experiments it was found that right ventricular diastolic and right auricular 
pressures remained elevated 6-10 mm Hg above resting level for 5~70 sec 
following cessation of intermittent coughing. It seemed possible that con- 
striction in the pulmonary arterial system might be responsible since pul- 
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Fig. 3. Forearm blood flow, showing increase in flow after coughing, indicated by artifacts on 
the trace. The rate of volume increase (proportional to forearm flow) on inflating a collecting 
cuff, is recorded three times before and five times after coughing. 
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Fig. 4. Upper curve arterial pressure. Lower curve forearm blood flow. Showing the effect of 
the Valsalva manoeuvre with constriction in the forearm during the arterial ‘overshoot’. The 
onset of the Valsalva manoeuvre is shown on the arterial pressure trace by a sudden increase 
of about 40 mm Hg and the end by a sudden decrease 11 sec later. 


monary arterial diastolic and, to a lesser extent, systolic pressures were also 
raised. When intrathoracic pressure was measured simultaneously, however, 
it was found to be elevated to the same extent and to fall to the resting level 
in the same manner (Fig. 5). The residual elevation of intracardiac pressures 
therefore resulted from the rise of intrathoracic pressure. This post-tussive 
elevation of intrathoracic pressure was observed in all subjects who coughed 
intermittently and was absent following the Valsalva manoeuvre (Fig. 6). The 
PH. CXXII. 23 
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latter procedure was followed by an immediate return of intrathoracic and 
cardiac pressures to control levels. The difference in behaviour of intrathoracic 
pressure after coughing and after the Valsalva manoeuvre is also shown in 
Figs. 1 and 7 on pressure traces of smaller amplification. 


7” 
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Fig. 5. Upper curve, arterial pressure. Middle curve intra-oesophageal pressure. Lower curve, 
right ventricular pressure. Following coughing, arterial pressure is reduced and oesophageal 
and right ventricular diastolic pressures increased. 


Fig. 6. From the same continuous record as Fig. 5. The Valsalva manoeuvre is shown by the gap 
in the oesophageal and right ventricular pressure traces which rise beyond the top of the 
recording paper. After the Valsalva manoeuvre intra-oesophageal and right ventricular 
diastolic pressures return immediately to control level. 


Degree of response. The circulatory and intrathoracic pressure changes 
after coughing were proportional to the violence of the cough. While this was 
true of the fifty-three subjects as a whole, it was best studied in the individual 
subject by repeated observations over a short period (Fig. 7). The greatest 
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intrathoracic pressure changes (over 300 mm Hg) were achieved by certain 
middle-aged males during spontaneous coughing. The subsequent hypotension 
was sometimes sufficient to cause syncope (Sharpey-Schafer, 1953). 


t 


Fig. 7. Parts of a continuous record. A middle-aged subject showing frequent ectopic beats. 

Upper curve, arterial pressure. Middle curve, pressure in a forearm vein. Lower curve, 

intra-oesophageal pressure. A: (1) three ‘ahems’; (2) three coughs; (3) swallow. B: (1) five 

coughs; (2) swallow. 
manoeuvre; (2) small cough; (3) swallow. 


DISCUSSION 


The different circulatory effects of coughing and the Valsalva manoeuvre can 
be explained as reflex changes from stimulation of receptors by vascular 
pressure transients. Thus vasodilatation follows the large cough transients 
while vasoconstriction follows the diminished pulse pressure occurring during 
the Valsalva manoeuvre. Ead et al. (1952), using the isolated perfused carotid 
sinus of the dog, showed that systemic arterial pressure fell when perfusion 
pulse pressure was increased and rose when perfusion became non-pulsatile, 
the mean perfusion pressure being kept constant throughout. In man it has 
} not yet proved possible to locate the receptors stimulated by aay 
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The rise in intrathoracic pressure after intermittent coughing is unlikely to 
be due to accumulation of blood in the chest or to muscular straining as norma! 
respiration can be observed during this period. More probably, air is trapped 
temporarily in the lungs. Daly & Schweitzer (1951) demonstrated broncho- 
constriction in dogs when the isolated carotid sinus was exposed to high 
perfusion pressures. In intermittent coughing, observed arterial pressure 
transients are of similar magnitude and might account for reflex retention of 
air in the alveoli. Another possible explanation is that the effect is mechanical, 
air being trapped by a valvular mechanism operating at the opening of the 
smallest bronchioles into the alveoli. The absence of a rise of intrathoracic 
pressure after the Valsalva manoeuvre indicates that intermittent as opposed 
to continuous intrathoracic pressure changes are a necessary condition. 

Whatever the mechanism, the rise in intrathoracic pressure after coughing 
may play a part in the simultaneously recorded arterial hypotension since 
positive pressure breathing at about 10 mm Hg decreases the filling pressure 
of the heart and consequently the cardiac output (Werk6, 1947). 


SUMMARY 

1. Intermittent coughing caused rapid intrathoracic pressure transients 
up to 250mm Hg. These pressure changes were transmitted to peripheral 
arteries. 

2. On ceasing intermittent coughing, arterial pressure and pulse pressure 
were reduced and forearm flow increased, indicating peripheral vasodilatation. 
These findings contrasted with the increased arterial pressure and decreased 
forearm flow after the Valsalva manoeuvre. 

The blood flow changes after coughing and after the Valsalva manoeuvre 
did not occur in sympathectomized limbs. 

The results are interpreted in terms of the effect of large (coughing) and 
small (Valsalva) arterial pressure transients on baroceptors. 

3. Intrathoracic pressure remained elevated (6-10 mm Hg) for many seconds 
after intermittent coughing. This did not occur after the Valsalva manoeuvre. 
It is suggested that air may be trapped in the lungs, possibly by reflex 
bronchoconstriction. The residual raised intrathoracic pressure may play 
a part in the hypotension which follows coughing. 
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VARIATIONS IN THE APPARENT VISCOSITY 
OF HUMAN CERVICAL MUCUS 


By A. F. CLIFT anp J. HART 
From the Mayday Hospital, Croydon, Surrey 
(Received 20 April 1953) 


The cyclical changes in the flow properties of human cervical mucus during the 
menstrual cycle, and the formation of the quasi-solid cervical plug during 
pregnancy have been investigated subjectively during recent years. Quantita- 
tive measurements have, however, been hampered by the inadequacy of the 
experimental techniques available. 

Clift (1945) made use of an instrument (the Scott Blair menstroscope) which 
gave an approximate measure of a specific elastic property of the mucus. 
A column was partially extruded from a capillary under air pressure, which 
was suddenly released. The distance the meniscus returned into the capillary 
was measured, and was shown to vary with the time in the menstrual cycle. 

In a note, Clift, Glover & Scott Blair (1950) described a viscometer which by 
an ingeniously simple air pressure system emptied a capillary at constant 
speed. The machine was not altogether satisfactory in use, and the work has 
been repeated, using a new viscometer as improved by Scott Blair, but with 
a fundamental difference in technique. 


METHODS 


The Rheometer 
The instrument, g ly purchased for this work by Ortho Pharmaceutical, Ltd., is a commercial 
model of the Scott Blair (1937) capillary-tube viscometér; a schematic diagram is shown in Fig. |. 
A glass capillary tube 7’, 3 cm long, of 0-067 cm internal diameter, which carries a male threaded 
boss, is screwed into a socket in the rheometer, and casts an image on a ground-glass screen S with 
a fiducial mark upon it. A synchronous motor M, drives the screen, together with the lens by 
which the image is formed, at a constant rate of 1 cm/min along the axis of the horizontal capillary. 
Pressure is applied to one end of the capillary from a uniform rubber tube R of 1 cm diameter 
compressed between two rollers W which are rotated by a handle, in such a way as to maintain 
the image of the meniscus of the fluid in the capillary tube coincident with the fiducial mark on 
the screen. The rollers are connected by a variable gearbox G to a stylus P which records laterally 
upon a drum D the change in length of the rubber tube; and thus, since the changes in length of 
the tube are small and Boyle’s law can be applied, the extrusion pressure in the capillary is also 
defined. The drum is rotated at a rate equivalent to a recording speed of 4 cm/min by a second 
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motor M, synchronized with the first. The rotation of the drum thus follows the position of the 
screen, and the record obtained represents the relationship between the applied pressure and the 
position of the moving meniscus in the capillary. The total volume of the pressure system is 
60 ml. and the rollers and gearbox are arranged so that 1 cm lateral motion on the recording drum 
corresponds to a pressure of 2 x 10* n dyne/om®, where n is 1, 2, 4, or 8. 

The capillary carries the three fiducial marks in all; the filling mark A at 1-7 cm and two others, 
B and C, between which flow takes place, at 1-35 and 0-35 om respectively from the open end. 


Fig. 1. Schematic diagram of the rheometer (see text). The 
rollers (W) are shown in two planes. 


Procedure 


The design of the rheometer is such that measurements are restricted to the flow of a column of 
mucus at a constant velocity along the capillary. 

It was originally recommended that the specimen should be extruded from the end of the tube, 
a trailing meniscus being followed (Scott Blair, 1937). By this method, the meniscus is first 
observed at A, the mark to which the capillary has been filled; the pressure is applied, and with 
a skilled operator, ‘hunting’ has become negligible by the time the meniscus passes B. The 
recording drum is then switched on, and the pressure of extrusion from B to C is plotted, the 
extruded mucus collecting at the orifice in a blob. The pressure required to move the meniscus at 
a constant speed is then a function of the filled length of the capillary, under otherwise constant 
conditions, and for most samples, a steadily reducing pressure is recorded. 

For a newtonian liquid the pressure falls from a maximum, with the tube full, to a point 
representing the end of the capillary where there is still a considerable pressure, representing the 
energy between the capillary meniscus and the extruded free surface. If no other effect were 
present, the slope of the pressure-length graph would represent the liquid viscosity. 
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In order to reduce the effect of surface forces due to the different radii of the two free surfaces, 
and to render the operation of the instrument more effective, the method was modified so that the 
leading and not the trailing meniscus was followed in this series of experiments. Since no extru- 
sion occurred, the specimen could be used repeatedly, provided the thixotropy was negligible. 
Relaxation was incomplete since the manipulation of the mucus from the cervix into the capillary 
had already introduced large strains which were not recovered in the comparatively short time of 
the experiment. 

From Poiseuille we have, for a constant length 1 of liquid in the capillary, yey with the 


usual notation, where 7 is the newtonian viscosity. This formula additionally assumes that the 


It is not, however, unreasonable to assume that the flow obeys a law of the form =F, f(r) and 


oP cca, where, if the liquid is newtonian, » is the viscosity. Standardization experiments with 


sugar solutions show that the latter assumption is justified. In the event, cervical mucus is a far 
from newtonian liquid, and the standardization must, as is shown below, be treated with great 
reserve. 

The capillary was filled to A with 0-006 ml. of the mucus, and the pellet was moved along the 
tube until the meniscus nearest the open end was at A; the pressure was applied to move the 
pellet at the required constant rate along the tube, the recorder being switched on as the leading 
meniscus passed B, and off at C. 

The shear strain contains a large elastic component which has in the past been used with 
advantage in the menstroscope (Clift, 1945). This component must be taken up before viscous 
flow becomes predominant, and distance AB is just sufficient for this purpose in most cases. 

Under these circumstances, provided the trailing meniscus does not become too grossly 
distorted, the flow is almost entirely viscous, and there is no correction for surface forces. The 
mucus pellet is observed to move as an entity, and the shearing occurs only along laminae lying 
very close to the walls of the tube, the velocity profile being vastly different from the paraboloid 
of capillary flow with a virtually infinite meniscus that is present in most capillary viscometers. 

There is an additional complication in the uneven wetting of the capillary walls. This gives rise 
to fantastic shapes of the trailing meniscus. A drop of water may be added to the meniscus to 
prevent this distortion, but it may be objected that this adulteration alters the properties of the 
specimen in an undetermined manner. 

A constant pressure is required to move the pellet at a constant velocity along the capillary, 
and the plot approximates to a horizontal straight line, the fit being dependent on the homo- 
geneity of the mucus, the cleanliness of the capillary, and the skill of the operator. 

By using two fiducial marks on the screen, the two methods may be compared. The first part 
of the graph, WX in Fig. 2, corresponds to flow without extrusion at pressure p; the second part, 
YZ, shows the slope, dp/dl, which has hitherto been the measured quantity (Clift et al. 1950). There 
is a high degree of correlation between the rate of change of pressure with the amount extruded, 
and the pressure for constant velocity of the pellet without extrusion. 

The instrument was standardized, using sugar solutions. Although the data quoted sub- 
sequently are dimensionally of the units of viscosity, it is to be remembered that the mucus is not 
even approximately a newtonian fluid, and the values must be read in conjunction with the shear 
stress which, in view of the nature of the flow, it is impossible to determine absolutely by this 
method. As has already been mentioned, a large quasi-permanent strain is introduced when the 
capillary is filled. At the present time, further experiments are being carried out to investigate the 
relationship between the rate of shear and the applied shear stress. 

The method of extraction and transfer of the mucus is very simple. A sample is removed from 
the cervical canal with Spencer Wells forceps, and is smeared on to a glass slide, The capillary, 
which has been boiled in water for at least 30 min and thoroughly dried in warm air, is screwed 
into a 20 ml. syringe fitted with a two-way tap, and the sample is aspirated into the tube with a+ 
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little delay as possible. In some samples, there is considerable heterogeneity, and in such cases it 
is the practice to select the least opaque part of the sample. 
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Fig. 2. Record of extrusion pressure at constant flow rate of 1 cm/min. 


RESULTS | 


It has been found impracticable to collect daily or weekly samples from the 
same patient, nor is it ethically desirable to do so. The results are therefore 
shown as a graph derived from a number of individual donors averaged in 
a convenient way. All readings from which plotted points were derived were 
those obtained from non-pregnant patients classified as ‘Normal’. 

As in all work of this type, a difficulty arises in the definition of ‘Normal’, 
and there must be adequate safeguards against the selection of samples in 
such a way as to enhance preconceived ideas. Samples were therefore passed 
as normal when there was no clinical abnormality which might reasonably be 
expected to affect the mucus. Clearly, this is an unsatisfactory, and in some 
ways a ‘circular’ definition, especially as the secretion is seen from clinical 
observations to be highly sensitive to general physical health. 

Pronounced cases of non-infective leucorrhoea sufficiently marked to cause 
unsolicited comment upon the condition by the patient were excluded. 

The apparent viscosities of the 119 normal samples (under the experimental 
conditions) were averaged into daily groups, and were plotted against the 
date. The graph obtained is shown in Fig. 3. The commencing date of the 
previous menstruation is classed as day 0. The ordinates are dimensionally in 
poises, flow pressures having been converted into units of viscosity by the 
standardization experiments referred to on p. 360. 
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The lengths of the individual cycles have not been adjusted to a common 
reference day at ovulation, but the few cycles that were of less than 26 or 
more than 30 days were not included in the results. 

The standard deviation of individual readings about the mean is indicated 
for each point, and the number of readings averaged is also noted; since the 
number of points plotted is small compared with the magnitude of the 
deviations, only a rough guide to the experimental errors is provided by this 
information. 
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Fig. 3. Graph of the variation of viscosity of cervical mucus in healthy non-pregnant subjects 
(119 samples). The dotted line is drawn to emphasize the main feature of the graph. The 
number above each point indicates the number of samples averaged. Each vertical line 
indicates + standard deviation of individual readings about the mean. 


The graph shows that there is a fall in the apparent viscosity of the secretion 
in the region of the fourteenth day, about the time that ovulation is taking 
place. There is a greater density of points in the ovulation region, accounted 
for by the inadequate quantity of mucus (0-001 ml.) that may be available 
towards the onset of menstruation. This may have the effect of artificially 
reducing the mean viscosities plotted at the extremities of the cycle, since 
there is an inverse relationship between the quantity of mucus obtainable and 
its viscosity; it is samples of high viscosity that are inadequate in quantity. 

Pregnancy samples were obtained from thirty-seven donors in whom the 
pregnancies appeared to be proceeding normally, The viscosity of the mucus 
was, in each case, higher than the highest normal non-pregnant apparent 
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viscosity recorded; this fact provides a valuable clinical aid for pregnancy 

Leucorrhoea can be defined as an abnormally high rate of secretion of 
cervical mucus, which may in extreme cases have a viscosity as low as that 
of liquid paraffin. The pressure needed to propel the pellet is less than that 
needed for a normal ovulatory sample, though the pressure recorder is not 
sufficiently sensitive to give a quantitative distinction; twenty-nine cases were 
examined where the condition was pronounced, and in each case the viscosity 
was below the minimum that the machine could measure with any accuracy. 

The viscosities of fifteen cases of secondary amenorrhoea samples did not 
fall into any clearly defined group. There were cases where the viscosities 
were as great as the maximum that the machine could record; in each case, 
an objective measurement of the apparent viscosity alone would have classed 
the sample as ‘pregnancy’. Subjectively, such samples ‘can be distinguished 
from pregnancy samples by a stale appearance, and absence of a type of 
elasticity that can be subjectively detected in pregnancy. 


DISCUSSION AND INFERENCES 


The graph of the normal secretions, which is a record of the apparent viscosity 
alone, follows the general shape of the similar graph of Clift et al. (1950) who 
used the extrusion technique, measuring an undefined quality closely related 
to the viscosity and surface forces, and shows marked correlation with the 
elastic properties recorded by Clift (1945). There is clearly a strong inter- 
dependence of the apparent viscosity, surface tension, elasticity and other 
rheological properties which will make it difficult to separate any theoretically 
treatable components. Not all rheologists would agree that it is necessary to 
do 80. 

The maxima at the eighth and twentieth days which were previously 
suspected have not been confirmed, and the apparent viscosity appears to 
have one minimum only, at ovulation; the corresponding maximum is masked 
by the pre-menstrual state. 

At ovulation the mucus produced is ideally penetrable to spermatozoa and 
has a low resistance to sperm penetration. At other times of the menstrual 
cycle when there is lowered oestrogen stimulation this resistance rises, and — 
sperm penetration is restricted to the time of ovulation. 

It has not been established beyond doubt that there is a ‘yield value’ below 
which flow does not occur, and penetration cannot take place; flow experi- 
ments at long times of flow and different rates of shear combined with pene- 
tration tests may provide information upon this question. From the physical 
point of view the concept of a yield value is in some ways unsatisfactory, as it 
postulates a large discontinuity in the properties of the mucus for which 
there is at present no reliable evidence. 
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In normal pregnancy, the apparent viscosity is invariably very high, and 
this is thought to be due to the absence of oestrogen stimulation, together 
with progesterone dominance. In certain cases of threatened miscarriage, 
the pregnancy plug is undoubtedly replaced by mucus of low consistency ; 
there are at present no quantitative results on such samples. 

In the present paper, the results are entirely objective, as opposed to some 
partially subjective treatments in the past. It is to be recorded that, in spite 
of advances in instrumental techniques, the subjective manipulation of mucus 
can still provide more information than the objective measurement of any 
one physical quality. It is most unlikely, for instance, that there would in 
general be confusion between secondary amenorrhoea and pregnancy on 
subjective examination of the mucus, yet there may be no significant 
difference between the apparent viscosities of two such samples. 

These subjective examinations are most difficult to describe on paper, and 
recourse must be had to ciné-photography, preferably at about 1000 frames 
per second; it is hoped that such a film will be available in the near future. An 
analysis of the motion under manipulation should supply valuable information 
about the dynamics of the mucus under stress. 

Our knowledge of the mechanism of the secretion of cervical mucus is still 
imperfect. It would appear that the nature and quantity of the secretion is 
governed by receptors in the cervix which are sensitive to hormones circu- 
lating in the blood stream. 

At ovulation, when the oestrogen concentration is high, there is an increased 
production of mucus which is of low consistency. As menstruation approaches, 
the quantity of mucus diminishes, and its consistency rises, corresponding 
with the diminished oestrogen and raised progesterone concentrations. The 
administration of oestrone is well known to cause the former effect, and is 
used with advantage in selected cases of infertility apparently caused by the 
presence of impenetrable mucus, low in quantity, and of high consistency. The 
fall in oestrone and rise in progesterone concentrations is thought to account 
for the pregnancy plug of mucus which is of very high consistency. 

Subjective examination of the mucus plug of pregnancy shows that its 
physical characteristics differ from those of the ‘stale’ specimens of amenor- 
rhoea, though they cannot yet be adequately separated objectively. The 
pregnancy sample is the product of active hormonal stimulation of the cervical 
glands; in secondary amenorrhoea, the stale product is the result of suppressed 
activity. We have found that the administration of progesterone to non- 
pregnant women may lead to the formation of a type of cervical plug that is 
almost indistinguishable from the high-consistency pregnancy plug. 

Unfortunately, the estimation of hormone concentrations in the blood is 
still in the early stages, but it is hoped in the near future to compare the 
physical results with chemical analyses of the blood. 
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The future work is fairly clearly divided into two parts. On the one hand, 
the physical properties of the mucus have to be analysed into clearly defined 
components which can be considered in terms of some convenient model. On 
the other hand, reliable hormone estimations of the oestrogens and proge- 
sterone in the blood are required. 


SUMMARY 


1. A modified method of use of the Scott Blair capillary rheometer is 
described in which the influence of surface forces and elasticity upon the 
measurement of apparent viscosity is reduced to a minimum. 

2. The apparent viscosity of cervical mucus from 119 normal donors 
showed a minimum at ovulation, the corresponding maximum being hidden 
by menstruation. Two previously suspected maxima at the eighth and 
twentieth days by another method were not confirmed. 

3. In thirty-seven cases.of pregnancy, the apparent viscosity of the mucus 
was higher than the maximum recorded for a normal non-pregnant condition. 

4. Twenty-nine cases of leucorrhoea gave apparent viscosities too low for 
accurate measurement. Fifteen cases of secondary amenorrhoea had widely 
scattered apparent. viscosities; there were a few in which the mucus showed 
solid properties to a marked degree. 

5. It is suggested that the characteristic changes in the mucus are caused 
by variations in the hormone concentrations of the blood. A high oestrogen 
concentration results in a low ‘yield value’ and spermatozoon penetration is 
facilitated. 

6. The difficulty of the correlation of subjective observations from manipu- 
lation of the mucus with physical measurements is mentioned and a method 
of tackling the problem is suggested. 


We are grateful to the Medical Research Council for the provision of a part-time physicist 
(J. H.), and to Ortho Pharmaceutical, Ltd., for a grant for apparatus, We record our appreciation 
of suggestions made by Dr G. W. Scott Blair, who introduced one of us (A. F.C.) to the subject, 
and of others made by Mr F. A. Glover. 
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PHOSPHATE LIBERATION FROM ISOLATED 
FROG MUSCLE 


By E, J. HARRIS* 
From the Biophysics Department, University College, London 
(Received 4 May 1953) sia 


Isolated frog muscles maintain a high K and low Na content in vitro for 
a considerable time if conditions are favourable. Tracer studies show that the 
Na undergoes exchange (Levi & Ussing, 1949; Harris & Burn, 1949). As the 
excretion of Na takes place against gradients of potential and concentration 
there is required a supply of energy to maintain it. It has been suggested that 
the energy is supplied by the breakdown of phospho-compounds, such as 
adenosine triphosphate. For example, Danielli (1951) has drawn attention to 
the high concentration of phosphatase found at the surface of secreting cells. 
One possible Na-extrusion mechanism would involve the freeing of an inorganic 
phosphate group for each Na ion (or group of ions) expelled, and of course 
other mechanisms not leading to an actual loss of phosphate groups can be 
invented. The experiments to be described show that muscles can be kept 
in vitro with very small loss of phosphate to the solution; and that there is no 
appreciable re-incorporation of phosphate in the muscle has been ascertained 
by the use of *P as tracer. It is concluded that operation of the Na pump does 
not take place principally by a process causing an actual liberation of inorganic 
phosphate. 
METHODS 

analysis. The phosphate in the solution was determined by the method of Berenblum 
& Chain (1938) in which phosphomolybdic acid is dissolved in isobutanol and subsequently 
reduced by stannous chloride. The standard deviation of the determination, allowing for that of 
the blank, was 0-2ug phosphate P, at the level of 5yg P. 

Radio-active phosphate. A preparation of *P, as H,PO,, obtained from A.E.R.E., Harwell, was 

evaporated just to dryness with a drop of hydrogen peroxide and a trace of KH,PO,. The latter 
was added to reduce the loss by adsorption on the glass vessel. The residue was taken up in water 


and a drop of the resulting solution was added to the saline solution so that a counting rate of 
about 10,000/ml./min was obtained. 


Radioactivity. The radioactivity of the solutions was measured using 1 ml. portions, each portion 
was assayed in a planchette placed beneath an end window counter. 


° In receipt of a grant for assistance from the Medical Research Council. 
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Materials. The muscles used were obtained from Rana temporaria. They were carefully excised 
with @ minimum of connective tissue consistent with avoiding damage. The saline solution used 
had the following composition, m.mole/1: Na 120, K 3, Ca 1, Mg 1, Cl 97, HCO, 30, SO, 1, and 
phosphate as stated in the details of the particular experiment. 

Experimental procedure. The muscle was excised and left for 15-20 min in saline solution. It 
was then transferred to 5 ml. of fresh saline. For some experiments no **P or phosphate was added ; 
the blank determination of the phosphate in the saline showed about 0-1 yg P per ml. 0, +5% CO, 
was bubbled through the solution, which was maintained at 18°C. At the end of a convenient 
period (often 3 hr) the muscle was transferred to 5 ml. of fresh saline solution and the original 
solution was used for phosphate analysis. Transfer to » new solution was repeated up to a total 
time of about 24 hr. 

In the *P experiments the tracer was added to the stock of saline solution and a portion of 2 ml. 
was assayed for ** P and analysed for phosphate. The muscle was placed in 5 ml. of this solution 
and stored as before for some hours. It was then transferred to a fresh portion of the stock 
solution, and the used portion of solution was assayed and analysed. 


Tasxe 1, Quantities of phosphate (as yg P) liberated from muscles to saline solution 


in successive periods of soaking 
(8 sartorius; G gastrocnemius.) 
Time of soaking 
Shr 3 hr 15-5 hr 3 hr 1-25 br 
Mass of muscle (g) 0-3 3-6 6-21-5 215-245 24-5-25-75 
P determined directly 
0-197 G 5-2 2-8 0-4 3-5 5-2 
0-186 G 4-8 2-4 3-2 4-2 18 
0-153 § 6-7 2-6 3-2 6-5 5-8 
0-187 G 5-3 0-7 1-3 5-4 1-8 
0-182 G 18-5 4-9 1-1 0-4 
0-051 S 9-2 3-2 8-2 0-4 48 
P determined after evaporation of solution to dryness with HCIO, 
0-078 5-7 3-6 8-3 
0-073 S 6-2 9-3 6-8 
0-280 G 41 3-0 8-2 _ _ 
0-275 G 2-2 2-8 8-7 — _ 
RESULTS 


The results of analysis of the fluids obtained from soaking various muscles are 
set out in Table 1; the values are corrected for the blank. The concentrations 
of phosphate (as zg P/ml.) are obtained by dividing the figures in the table by 5. 
In order to exclude the possibility that some stable compound containing 
P was being liberated, the solutions obtained from the last four sets of muscles 
in the table were evaporated to dryness with a drop of perchloric acid before 
carrying out the phosphate determination. The results of analyses made this 
way do not appear to be much, if at all, higher than those obtained directly ; 
any difference might well be ascribable to the later set of muscles not being 
quite similar to the earlier set. To make a more direct comparison a pooled 
mixture of portions of solutions from twelve soaking periods (the second set in 
Table 1) was analysed both directly and after ashing. The results were 63 and 
69 yg P respectively. A similar test on a pooled mixture from eight soaking 
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periods gave the figures 58 and 60 yg respectively. Therefore it was concluded 
that little or no organically bound phosphate is liberated by the muscles. 
The results of analyses and radioactivity measurements are given in Table 2 
for a further set of muscles, where **P was added to the solution. Since the 
medium contained initially only 0-1 »g P/ml. and finally about 5 wg owing to 
the net loss by the muscles, there was a great diminution of specific activity 
during each period. Therefore it is not possible to deduce accurately the amount 
of phosphate which had entered the muscle from the reduction of radioactivity 


Tase 2, Transfer of phosphate between muscles and solutions at 18° C 


(Initial P in the solution 0-19 »g in 5 ml. Final P in the 
samples = 0-19 +‘ Net P to solution’ in 5 ml.) 


Soaking 3 hr New soln. 3 hr New soln. 16-6 hr 
Net P P*tomuscle Net P P* to muscle Net P P* to muscle 
to soln. (max.) to soln. (max.) to soln. (max.) 
(mg) (ug) (ug) (ug) (ug) (ug) (ug) 
67 9-45 2-25 2-95 2-65 116 2-2 
73 4-45 1-05 8-75 0-35 20-3 1-85 
337 11-45 1-30 4-0 0-57 17-9 2-55 
340 6°35 1-68 8-35 1-65 17-8 1-00 
75 5-6 1-35 3-42 0-28 9-55 1-65 
78 6-0 1-30 2-90 0-38 41 0-30 
350 6-35 0-5 2-75 0-5 0-3 l 
355 10-0 0-7 4°55 0-30 (15 bacterial infection) 
255 6-7 0-21 5-0 0-53 6°85 ' 1-30 
272 145 1-97 5-2 0-40 (bacterial infection) 
67 10-5 1-19 2-3 0-10 12-1 2-9 
73 6-9 0-83 1-7 0-17 9-0 2-34 


The radioactivity lost by the solution is used to estimate the P transferred to the muscles using 
the lowest specific activity, based on the final P concentration. If, as is likely, the isotope is 


absorbed early in the soaking period, the specific activity will be much higher and the quantity of _ 


P accompanying a given transfer of radio-activity from solution to muscle correspondingly lower 
than the figures given in the columns ‘P* to muscle’, 


of the solution, for it is uncertain what specific activity to use in the calcula- 
tion. However, an estimate can be made of the greatest amount of P transfer 
from solution to muscle which the observed loss of radio-activity could repre- 
sent. The values so obtained, almost certainly too high, are nevertheless 
extremely low, indicating that the rate of re-incorporation of phosphate into 
muscles from the solution is negligible (Table 2, columns 3, 5 and 7). Therefore, 
the net increase of phosphate in the solution during soaking is not much less 
than the gross phosphate loss from the muscle. 


DISCUSSION 
The quantities of phosphate appearing in the solutions in which the muscles 
were stored are small, variable, and not related to the muscle mass. In the 
first period the quantity is often higher than later, which is almost certainly 
ascribable to the autolysis of damaged tissue taking place in the first few 
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hours. Eventually either the growth of bacteria, or failure of metabolism 
takes place, and the phosphate liberation again rises. 

According to analyses made on trichloroacetic acid extracts of frog muscle 
there is present about 250 yg intracellular inorganic phosphate P per g of 
tissue (Causey & Harris, 1951). This quantity is apparently unaffected by P 
concentration in the solution; thus Eggleton (1933) found that variation of 
total muscle P with variation in external P corresponded to equilibration of 
about 19% of the muscle volume with external fluid, the remainder of the 
muscle (presumably the cellular portion) being left with unchanged P content: 
this value agrees with other estimates of extracellular space. Harris and 
Causey observed that the inorganic fraction obtained in a trichloroacetic 
extract of crushed frozen muscle increased if break-down of creatine phosphate 
took place, but the fact that muscles could be kept for a long period in a fluid... 
of high P concentration without a great increase of their inorganic P, and with 
no increase of the sum of inorganic P and creatine phosphate P, also shows that 
the muscle membrane has little or no direct permeability to phosphate. 

In comparison with the Na efflux, which at 18°C amounts to about 
10 wequiv/hr for each g muscle (Harris, 1950), the P liberation is small. From 
the sartorius, weighing say 70 mg, a loss of 6-2 yg in 3 hr is equivalent to 
about 1 «mole P/hr for each g muscle. The loss from the sartorii is often less 
than this and, when expressed per unit mass, that from the gastrocnemii is 
only about a quarter as much. Thus it can be said that at least 10 Na ions are 
expelled per atom liberated, and probably more. The energy requirement for 
Na excretion against both the concentration ratio (about tenfold) and an 
electrical field corresponding to that estimated from the K ratio using the 
Gibbs-Donnan equation, is given by RT In [Na,] [K,]/[Na,] [K,] per mole, 
equal to about 4000 cal/mole. It is unlikely that sufficient energy to expel 
10 Na ions can be furnished by any reaction in which only a single P is 
liberated, for on current estimates of the energy obtained (12,000 cal/mole) by 
hydrolysis of phosphocreatine or ATP, extrusion of 3 Na ions per P would be 
the absolute limit. Therefore it is concluded that the mechanism of Na 
extrusion does not involve as a principal reaction the loss of free phosphate 
groups from the muscle. 

SUMMARY 

1. The quantities of phosphate liberated by surviving frog muscle to an 
initially phosphate-free solution have been measured. 

2. The amounts found are small and variable; from sartorii about 6 pg 
phosphate P, i.e. 2-5% of the cellular inorganic P, per 3 hr represents a usual 
value. 

3. The amounts of phosphate re-incorporated into the muscle from the 
solutions were estimated by application of **P as tracer. These were con- 
siderably smaller. 
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4. It is concluded that the Na efflux (10 pequiv/hr/g at 18°C) is not 
effected by a reaction leading principally to liberation of free phosphate 


groups. 
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INFLUENCE OF PROPRIOCEPTION ON MAP OF CORTICAL 
RESPONSES 


By E. GELLHORN anp J. HYDE 


From the Laboratory of Neurophysiology, Department of Physiology, 
University of Minnesota, Minneapolis, Minnesota 
(Recewed 4 May 1953) * 
Many investigators have prepared maps of motor cortex responses to stimula- 
tion at different sites, but hitherto none has attempted to demonstrate the 
alterations that occur in cortical maps when the peripheral conditions (such 
as the initial position of the responding limb) are altered. That this position 
may alter the response to stimulation of a particular cortical site has been 
demonstrated by Gellhorn (1948, 1949) and Gellhorn & Johnson (1950a); the 
influence of proprioceptive conditions on a map of cortical sites has not been 
shown, however. Since proprioceptive reinforcement will make subthreshold 
cortical stimuli effective for a particular muscle group and reduce or abolish 
the reactivity of the antagonistic group it seemed possible that variations in 
the degree of proprioceptive activity would induce changes in the size of the 
cortical area from which a certain muscle or group of muscles can be activated 
at a given intensity of stimulation. 
In the present paper examples of such maps will be given and described, 
and certain features of these maps will be discussed (see also Hyde, 1950). 


METHOD 


In a series of eleven monkeys (nine macaques, two Cynemolgi) a number of cortical sites were 
stimulated and electromyographic responses recorded in six muscles at a time, with the contra- 
lateral leg fixated in the two conditions of (a) knee flexed and ankle dorsi-flexed as compared with 
(b) knee extended and ankle plantarflexed, the hip being fixated in a neutral position and toes being 
free throughout, The methods of stimulation (repetitive condenser discharges from a Goodwin 
stimulator) and recording were the same as in earlier publications from this laboratory. 

In order to be sure that the cortex was relatively stable throughout the mapping, a number of 
different procedures were tried, of which the following was most satisfactory and was used in 
most if not all experiments of the present paper: four or five sites were stimulated with the leg in 
flexion, the same sites were then stimulated with the leg extended, and as a check the first of the 
sites would again be stimulated with the leg in flexion. If the first and last records of this (series) 
were quite similar, the series was considered valid. 

24-2 


372 E. GELLHORN AND J. HYDE 


Stimulation at 2 min intervals thus permitted recording from twenty-five sites in an hour, each 
site having 10 min between successive stimuli. The initial mapping was usually carried out with 
sites 3 mm apart, first a row anterior to the sulcus centralis and as near the mid-line as possible, 
then one 3 mm lateral, and so on, until the limit of responsiveness to the particular voltage was 
reached. If, in an attempt to extend the area, a higher voltage was employed at some sites, the 
same higher voltage was used on these sites with both leg positions. Subsequent tests were 
performed in order to fill in the gaps in the initial map, so that ultimately the entire excitable area 
would be covered at 1 mm intervals. This goal was not always realized before the death or decline 
of the animal; this accounts for the gaps in some of the maps. 

The monopolar stimulating electrode mounted on a Horsley-Clarke instrument was moved 
millimeter by millimeter in an antero-posterior direction as well as laterally, and the relation of 
the various points to the principal sulci was indicated on a diagram. The data thus obtained made 
an accurate return to each site possible and permitted adequate recording of the spatial relationship 
of the stimulated points. 

The maps were prepared with the actual location of the stimulated sites plotted on the diagram 
of the particular cortex under investigation. The amplitudes of the electromyographic responses 
were analysed and graded into four or five sizes; letters representing the muscles were plotted on 
the map, the size of the letter at any site being an indication of the size of the response, without 
reference to the latency of the response, either of the movement as a whole or of the particular 
muscles with respect to one another. 

Ideally, maps of the motor cortex should perhaps be made with application of the same voltage 
(or current) to all stimulated sites, and in many of the animals examined it was possible to evoke 
responses of similar magnitude (though with varying representation of the different muscles 
recorded) from sites distributed throughout a widespread cortical area without changing the 
stimulus intensity. However, in order to evoke comparable responses from certain additional 
areas, especially anteriorly and medially, it was sometimes necessary to increase the voltage at 
some sites. In order to determine whether such a method really provides a representative picture 
of the response to stimulation of different cortical sites, each of several points was stimulated 
with a series of varying voltages. The results were analysed with respect to the relative e.m.g. 
amplitude of the different muscles at the sites, and it was concluded that the same relationship 
among the muscle responses was revealed independent of shifts in intensity from threshold to 
two or three times threshold. In Fig. 1, as an example, responses of four muscles to stimulation 
of a cortical site at several intensities are presented. As the voltage was increased from 2-6 V (A) 
to 5-7 V (D), the e.m.g. of each muscle increased, but semi-tendinosus (H) and tibialis (7') in each 
case gave a larger response than their antagonists. It was concluded that the method adopted 
was one of several which would give comparable and valid maps, with minor variations, of the 
cortical representation of different muscles (as revealed elect hically). ~ 


RESULTS 


The experiment illustrated in Fig. 2 was one in which the condition of the 
animal (a Cynemolgus) was so constant that it was possible to obtain records 
of responses to stimulation of sixty-seven cortical sites, each with the two leg 
positions. The voltage used was either 4-2 or 4-9 V, and a frequency of 83/sec 
was employed throughout. This was one of the experiments in which both arm 
and leg muscles were recorded, in an attempt to determine the degree of over- 
lap of arm and leg areas and the extent to which this overlap area was altered 
by proprioceptive changes. Where arm muscle responses were recorded the 
positions of wrist and elbow were varied, the position ‘flexed’ being with knee 


‘ 


MAP OF MOTOR CORTEX 373 


flexed, ankle dorsiflexed, elbow flexed and wrist dorsiflexed; the position 
‘extended’ being knee extended, ankle plantar-flexed, elbow extended and 
wrist volar-flexed. Fingers as well as toes were free; hip and also shoulder 
positions were kept constant throughout. On the maps of Fig. 2 are plotted 


Fig. 1. Series of e.m.g. responses to stimulation of a cortical site at increasing intensities. Macaque 
2-23-49. H, semitendinosus; 7’, tibialis anticus; G, gastrocnemius; R, rectus femoris. Site 
in leg part of area 4, left cortex. A, 2-6 V; B, 3-8 V; C, 4:7 V; D, 5-7 V. All 83/sec, pulse 
duration 7-7 msec, stimulus duration indicated by lines beneath e.m.g.’s. Hip fixated 90°, 
knee 100°, ankle 90°. Vertical calibration, 300.V. Horizontal calibration, 2 sec. 


responses of two arm muscles, biceps brachii (D) and triceps (A), together with 
three leg muscles, gracilis (Z), semitendinosus (#) and tibialis anterior (7'), the 
leg muscles all being members of the ‘flexor’ group. One can see at a glance 
the considerable difference between the two maps, not only in overall area of 
responsiveness but particularly in type of movement as represented by these 
few muscles. 

In the lateral part of the motor cortex (lower section of the figure) there is 
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Fig. 
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2. Effect of proprioception on map of cortically induced responses, leg and arm. Cynemolgus 
10-349, left hemisphere. Central sulcus indicates posterior border of stimulated area. 6 sec 
monopolar stimulation with 4-2-4-9 V, 83/sec, 7-7 msec pulse duration. Map above indicates 
responses obtained with flexed position: hip 90°, knee 70°, ankle 60°, shoulder 90°, elbow 80°, 
wrist dorsi-flexed to 30°. Map below indicates relative size of e.m.g.’s with limbs in extension : 
hip 90°, knee and ankle 160°, shoulder 90°, elbow 160°, wrist volar-flexed to 80°. Scale 
indicates millimetres on cortex. D, biceps brachii; A, triceps brachii; L, gracilis; H, semi- 
tendinosus; 7', tibialis anticus. Relative e.m.g. amplitude indicated by size of letters. 
0 indicates no resnonae in anv of the recorded muscles on stimulation of a site. 
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a marked shift in the representation of biceps and triceps muscles. The area 
from which the biceps response is obtained is greatly enlarged when the arm 
is fixated in extension, whereas the triceps area is enlarged with the arm held 
in flexion. 

It is to be remembered that of the many muscles taking part in the cortically induced movement 
only two arm muscles are recorded here, so the map presents only a sample of the activity of the 
arm (and similarly of the leg also). This is the reason so many sites on the map show only a single 
responding muscle (e.g. the two rows just anterior to the central sulcus in the extended position 
favouring biceps brachii). | 

The three leg muscles mapped in Fig. 2 likewise show considerable variation 
in cortical representation in the two positions, all being excitable from more 
sites and to a greater amplitude when the leg is extended than with it held 
flexed. The gracilis (LZ) response is elicited from a more widespread cortical 
area than either tibialis (7) or semitendinosus (H); this area extends both 
anteriorly and laterally and is particularly noticeable with leg (and arm) in 
the extended position. 

In the medial section of the motor cortex which shows an increased respon- 
siveness of the flexor muscles of the hind leg in the extended position, the 
response of the triceps muscle is enhanced in spite of the fact that the arm was 
held in the extended position. This seems to indicate that in the area in which 
triceps brachii and leg muscles overlap in the cortex proprioceptive facilitation 
of the leg muscles may increase the responsiveness of all foci located in it. 

The increased response of triceps at some medial sites in spite of the fixation of the elbow in 
extension would seem to be an example of the functional association of triceps-hamstrings men- 
tioned by Bosma & Gellhorn (1947). It is significant that this increased response of triceps with 
elbow extended is limited to the hind-leg overlap area in Fig. 2. 

A region of greatest excitability of tibialis (7’) may be noted from 2 to 4 mm 
anterior to the sulcus and from the most medial site available for stimulation 
(2 mm lateral to mid-line in this experiment) extending about 5 mm laterally. 
This is the only region (except for one medial site on the sulcus) from which 
a tibialis e.m.g. was induced by stimulation with the leg flexed (ankle dorsi- 
flexed); it is also the region in which the largest tibialis responses are noted 
with the leg extended, although in the latter position the number of sites from 
which a tibialis response is detectable can be seen to be extended especially 
anteriorly. Semitendinosus (H) responses are elicitable from a larger number 
of sites than tibialis, yet from fewer than gracilis; the responses are increased, 
as is the case with the other two recorded leg muscles, when the knee is 
extended and the ankle plantar-flexed. 

Fig. 3 illustrates another experiment in a macaque in which arm and leg 
muscles were mapped; in this series of forty-three cortical sites, responses of 
four arm muscles and two leg muscles were recorded. The leg muscles tibialis 
anterior (7') and gracilis (L) are both ‘flexors’, and as can be seen there was 
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with 2-1—5-7 V, 83/sec, 7-7 msec pulses. Map on left indicates relative e.m.g. responses with limbs in flexion: hip 90°, knee and ankle 70°, 


shoulder 90°, elbow 70°, wrist dorsi-flexed 90°. Map on right shows relative responses with limbs extended: hip 90°, knee and ankle 160°, shoulder 


90°, elbow 170°, wrist volar-flexed 90°. L, gracilis; 7', tibialis anticus; A, triceps brachii; U, flexor carpi ulnaris; D, biceps brachii; M, ex- 
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only one site where one of them (7) responded in the position of knee and ankle 
flexion. This does not mean that no hind-leg muscles were activated by stimula- 
tion of these sites with the leg flexed; but simply that neither of the particular 
muscles recorded responded under these conditions. As indicated in the map 
of responses with the leg and arm extended, there was a wide area, stimulation 
of which elicited responses in both tibialis and gracilis. These responses were 
mostly of small amplitude, the exception being the three most postero-medial 
sites where tibialis responses were larger than elsewhere. 

Of the arm muscles there is a marked shift in biceps-triceps relations in the 
two positions; the biceps giving larger e.m.g.’s in response to stimulation of 
the lateral sites with the elbow extended, the triceps response showing less 
increase in its proprioceptively favoured position. 

The small triceps responses seen at the most lateral sites with elbow extended are undoubtedly 
due to co-contraction as they accompany relatively large biceps responses and are absent when 
the triceps iteelf is favoured by elbow flexion. 

It is interesting to note that in this experiment there was almost no overlap 
between the cortical hind-leg and triceps area. Consequently the change in the 
posture of the hind leg had little influence on the few triceps foci which were 
found in the medial part of the motor cortex (upper part of the figure). 

Of the two more distal arm muscles, flexor carpi ulnaris is a member of the 
triceps complex (Bosma & Gellhorn, 1947), while extensor digitorum com- 
munis (M) is considered a member of the biceps complex (Gellhorn & Johnson, 
1950a). The increased response in flexor carpi ulnaris at the more medial 
(triceps area) sites in position A (elbow flexed and wrist dorsi-flexed), compared 
with the opposite position, is even more pronounced than the shift in response 
of triceps itself. 

Another series of cortical sites covering the medial part of the lateral hemi- 
sphere in an area of approximately 1 cm? was stimulated in the same animal, 
e.m.g.’s of six other hind-leg muscles being recorded. Of these, four are mapped 
in Fig. 4 where relative responses are shown at twenty-seven sites. The three 
‘flexor’ muscles, semitendinosus (H), peroneus brevis (P) and extensor 
digitorum longus (£) responded to stimulation of a larger number of sites 
when they were proprioceptively facilitated by fixation of the leg in extension 
than with it held flexed; the opposite is true of the anti-gravity muscle, 
flexor digitorum longus (F'), which was activated from fourteen of the stimu- 
lated sites with the leg flexed but from.only five sites with the leg in extension. 
Not only was the area of ‘representation’ of the different muscles increased 
when the leg position stretched them, but also the amplitude of their responses 
shifted. The larger responses of semitendinosus (H) in extension of the leg, 
for example, are localized more strongly in the lateral row of sites near the 
arm area; whereas a study only of the map obtained in the flexor position of 
the leg would suggest that the semitendinosus representation was less in this 
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Fig. 4. Effect of proprioception on cortical maps of leg area. Macaque 11-—1-49, left hemisphere. 
Central sulcus on right; superior precentral sulcus also indicated. (Same cortex as in Fig. 3.) 
Monopolar stimulation, 4-2 V, 83/sec, 7-7 msec pulse duration. Upper map: responses with leg 
in flexion: hip 90°, knee and ankle 70°. Lower map, leg extended: hip 90°, knee and ankle 160°. 
Arms fixated throughout with shoulder 90° and elbow 170°. H, semitendinosus; P, peroneus i 
brevis; Z, extensor digitorum longus; F, flexor digitorum longus. 0, no response recorded 
in any of these muscles. 
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region than, for example, a little more antero-medially. Extensor digitorum 
longus (Z) failed to respond at any site with the knee flexed and ankle dorsi- 
flexed; yet stimulation of widely scattered sites, with proprioceptive facilita- 


-tion, brought in a response of this muscle. The importance of attention to 


proprioceptive conditions in attempting to map the representation of a muscle 
in the motor cortex is demonstrated once more by these examples, which show 
that a distorted picture of a muscle’s cortical area of representation might be 
obtained if either of the two maps were examined to the exclusion of the 
other. 

The series of forty-six sites illustrated in Figs. 5 and 6 is from a macaque, 
records of responses in five hind-leg muscles being plotted in two maps: Fig. 6 
illustrates two flexors, tibialis (7') and gracilis (LZ), and two extensors, gastro- 
enemius (G@) and rectus femoris (2), while the relative responses of the two 
functionally opposed parts of biceps femoris are shown in Fig. 5. These 
responses were all recorded simultaneously in the six channels of the crysto- 
graph. Fig. 5 illustrates the relative shift in responsive area and in amplitude 
of e.m.g. between the two parts of the biceps femoris with the limb fixated in 
the two proprioceptively opposite positions. It is of some interest that the 
‘centres’ of cortical neurones, stimulation of which induces the larger responses 
in the flexon part of the biceps femoris, are not in the same region of the cortex 
as are the ‘centres’ for the extensor part of the same muscle, further evidence 
that this muscle should no longer be considered a single anatomical unit (see 
also Sherrington, 1913; Gellhorn & Johnson, 19506). 

The map of the other four recorded muscles in this animal, Fig. 6, shows the 
shift in responsive areas and amplitudes between the flexors (J and L) which 
were excited from many sites with the leg extended and to a lesser degree with 
flexion, and the extensors (R and G@) which showed an increase with the knee 
flexed and the ankle dorsiflexed. In general, the larger gracilis responses were 


_ obtained at the lateral sites while tibialis was better represented a few mm 


more medially. Gastrocnemius and rectus femoris had less obvious foci, but 
seemed to respond with greater amplitude from some of the more lateral sites. 

One feature of the experiment which may not be obvious since the muscles 
are plotted on two pairs of maps is that there are only two sites where only 
a single muscle of the six responded in both proprioceptive positions. Stimula- 
tion at all other sites elicited a demonstrable e.m.g. in at least two, and more 
often three or more of these muscles. This animal had a relatively high thres- 
hold for cortical stimulation, 4-2 V being required to induce a relatively small 
response from most of the sites, a few requiring 4-9 V. With the small responses 
obtained, the difference in the number of sites from which a given muscle 
responded in the two proprioceptive conditions is marked, and the number 
of sites whose stimulation led to large or small e.m.g.’s also shows a definite 
shift. 
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Fig. 5. Cortical representation of responses obtained in two parts of one muscle with two positions 
of the limb. Macaque 1—9-50, left hemisphere. Responses of two functionally opposed parts 
of biceps femoris induced by stimulation of the cortex. Central sulcus, on right, indicates | 
posterior border of stimulated area. Superior precentral sulcus in centre of map; lower 
portion of inferior precentral gyrus on left. Monopolar stimulation for 3 sec with 3-5-4-9 V, if 
83/sec, 7-7 msec pulses. Elbow in extension throughout. Upper map represents responses | 
with leg in flexion: hip 90°, knee and ankle 45°. Lower map, leg in extension: hip 90°, 
knee and ankle 150°. B, flexor part of biceps femoris; C, extensor part of biceps femoris; 
0, no response recorded in either part of the muscle. 
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Fig.6. Effect of proprioception on cortical maps, hind-leg area. Macaque 1—-9-50, left hemisphere. 

Responses recorded simultaneously with those of Fig. 5. Central sulcus on right, inferior 
| precentral sulcus on left, superior precentral gyrus in centre of maps. 3 sec monopolar 
‘ stimulation with 3-5-4-9 V, 83/sec, pulse duration 7:7 msec. All records obtained with 
elbow in extension. Upper map, leg flexed: hip 90°, knee and ankle 45°. Lower map, 
extension of leg: hip 90°, knee and ankle 150°. 7, tibialis anticus; L, gracilis; R, rectus 
femoris; G, gastrocnemius. 
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Individual variations in the location of foci of various movements have often 
been observed in studies on the motor cortex. This was likewise found in the 
present work since there was no consistency in the particular cortical area of 
‘representation’ for any one of the hind-leg muscles from animal to animal. 
However, in spite of individual variations the effect of different postures of 
the leg on the extent of the area of cortical responsiveness is distinct. In 
Fig. 7 are shown three pairs of maps of semitendinosus response in different 
monkeys, two Cynemolgi and one macaque, each plotted for the two pro- 
prioceptive positions. The consistent shift in response, which increases with 
the knee extended (and ankle plantar flexed) is an obvious feature of the maps 
(left column compared with right), as is also the variation in foci of semi- 
tendinosus representation in the different experiments. A similar group of 
maps, with tibialis anticus responses from four macaques and two Cynemolgi, 
was prepared (not illustrated) ; over 200 sites in the two positions were examined. 
The same general features shown in Fig. 7 for semitendinosus emerged from 
the tibialis maps: (a) the widespread area from which responses in tibialis 
could be elicited with slightly suprathreshold stimulation ; (6) the considerable 
effect of proprioceptive facilitation on this area and on the e.m.g. amplitude; 
and (c) the wide variation in area and in ‘centres’ of greater responsiveness 
from one animal to the next. 


DISCUSSION 


The experiments described in this paper show clearly that the area from which 
@ given movement or the contraction of a muscle or group of muscles can be 
evoked depends to a large extent, other conditions being equal, on the posture 
of the limbs and on the degree of proprioceptive reinforcement which is present 
at the time of stimulation. The maps reproduced in Figs. 2-7 illustrate the 
effect: a muscle can be excited from more cortical sites, i.e. from a wider area 
of cortex and to a greater amplitude, with the limb fixated so as to stretch the 
muscle; as a result, the pattern of response or type of movement produced 
from any one cortical site may be quite different when the limb position is 
altered (see also Clark & Ward, 1937; Gellhorn, 1948, 1949; Gellhorn & Johnson, 
1950a, 6); consequently, the map obtained by stimulation in one position will 
be unlike that in another position. It is obvious that the recovery of motor 
functions following cortical lesions may be misinterpreted if the total area of 
cortical representation of an extremity had not been ascertained under optimal 
conditions before the operation (Gellhorn, 1953). Proprioceptive reinforcement 
and increase in cortical excitation as studied by Liddell & Phillips (1951) 
cause an increase in the area from which the contraction of a certain muscle 
can be elicited. However, the mechanism involved in the two procedures of 
activation may not be the same. If stimuli of greater intensity are applied to 
the cortex more neurones are activated at the cortical level, and this will 
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Fig. 7. Relative representation of semitendinosus in motor cortex of three monkeys. Comparison 


of maps obtained with leg flexed and leg extended. Cynemolgus 10-3-49 as in Fig. 2. 
Macaque 11-1-49 as in Fig. 4. All scales represent millimetres of cortex. H, semitendinosus. 
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increase the number of responding motor horn cells and consequently augment 
the height of contraction and tension of the muscles. On the other hand, 
proprioceptive impulses resulting from fixation of one or more joints of an 
extremity will act on both the spinal (Loofbourrow & Gellhorn, 1949) and the 
cortical level (Gay & Gellhorn, 1949). 


SUMMARY 


1. The influence of proprioceptive impulses on the size and configuration of 
the cortical representation of an extremity has been investigated in the monkey. 

2. It has been found that the initial position in which an extremity is placed 
or held has a large influence on the pattern of response to stimulation of any 
cortical site and also on the map of motor cortex responses. Stimulation of 
cortical sites with the leg fixed in extension gives one type of map; stimulation 
of the same sites with the limb held flexed gives a map differing in: (a) the size 
of the area (or number of sites) from which a contraction can be induced in 
a particular muscle; (5) the relative amplitude of that contraction at each site; 
and finally (c) the relative distribution of response to motor cortex stimulation. 

3. Fixation of a muscle or group of muscles in stretch increases the cortical 
area from which contractions of these muscles in response to a standard 
stimulus can be elicited. This principle is valid for functionally distinguishable 
parts of a single muscle, the extensor portion of the biceps femoris giving a 
greater response to cortical stimulation with the knee flexed (and ankle 
plantar-flexed), the flexor part giving a larger amplitude of e.m.g. to stimula- 
tion of a larger number of cortical sites when the knee is held in extension. 
Moreover, extension of the hind leg leads to an increased area of responsiveness 
of triceps brachialis whose cortical foci overlap with those of the hind-leg 
muscles. 


These studies were aided by a contract between the Office of Naval Research, Department of 
the Navy, and the University of Minnesota. 
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A SCOTOPIC ‘BLUE SHIFT’ OBTAINED BY ELECTRICAL 
MEASUREMENTS OF FLICKER RESONANCE 


By RAGNAR GRANIT anp ALBERTO WIRTH* 


From the Nobel Institute for Neurophysiology, Karolinska Institutet, 
Stockholm 60, Sweden 


(Received 5 May 1953) 


In eyes containing rods and cones the well-known Purkinje shift of the 
luminosity curve or of the corresponding electrically determined sensitivity 
distribution of individual retinal elements consists in a shift towards the red 
end of the spectrum with light adaptation. This signifies that cones become 
responsible for vision. The visual purple (v.P.) absorption curve has its 
maximum around 5000 A and in terms of the micro-electrode technique is 
represented by the scotopic dominator. In light adaptation, cones come to the 
fore. In terms of the same technique this means the appearance of a photopic 
dominator with maximum around 5600A. Not all elements in the cat’s eye 
are capable of delivering a photopic dominator response upon light adaptation 
(Granit, 1947). 

The red shift, which presupposes a considerable amount of light adaptation 
in the cat’s eye (the animal we have used), stands in contrast to the fact that 
the first photochemical effect of light on the sensitive v.P. pigment actually is 
a shift of its spectrum towards the blue end. This was discovered by Lythgoe 
(1937), who called the photoproduct ‘transient orange’. He found the sub- 
stance to be exceedingly thermolabile. Lythgoe & Quilliam (1938a, b) then 
proceeded to study its absorption spectrum at low temperatures. Their results 
have been confirmed (see, for example, Collins & Morton, 19506; Wald, 1951). 
It is not necessary to discuss further events and the formation of indicator 
yellow and colourless products. 

It is unknown what these blue shifts may mean in vivo. The processes may 
be fast and too transient to measure, the products formed may act as yellow 
filters (Dartnall, 1948) or they may serve as photochemically active agents. 
There are, indeed, in the cat’s eye, highly blue-sensitive elements (Granit, 1947; 
Donner & Granit, 1948) but this may mean that the micro-electrode by chance 
has struck an element that happens to contain a large number of ‘blue cones’. 

* Fellow of the Rockefeller Foundation. 
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In the absence of a blue shift, light adaptation insufficient to cause a red 
shift (i.e. before adaptation to cone level) might be expected to cause some 
narrowing of the scotopic sensitivity curve owing to the drop in v.P. concentra- 
tion in modest light adaptation of the kind to be used below (but see Granit, 
Holmberg & Zewi, 1938; Hagins & Rushton, 1953, and below). Nevertheless, 
it seemed worth while, if the new method should prove accurate enough, to 
investigate this point in terms of what might be called physiological or retinal 
action spectra. This was the original aim of the work undertaken. 

To become accessible to experimentation such problems require measure- 
ments of the average retinal response on a sensitive preparation. Electro- 
retinography would be excellent if it could be made sufficiently fast and 
sensitive. As carried out in the standard way several hours are required to 
establish the form of a single spectral distribution curve, and even then a large 
number of values have to be obtained by interpolating between a limited 
number of measured quantities. 

An approach to the problem outlined was opened up by the application by 
one of us (R.G.) of a resonance method to the measurement of flicker and fusion 
in the electroretinogram (e.r.g.). A great gain in speed, sensitivity and 
precision was obtained, and the results to be reported followed directly from 
the technical improvements introduced. 


PRINCIPLES OF THE RESONANCE METHOD 


A sensitivity distribution is experimentally defined by the amount of energy 
necessary at each wave-length to evoke a constant response. The results are 
generally plotted as reciprocals of the energy values (see Fig. 2). With the 
present method the constant response chosen is an e.r.g. flicker at a constant 
rate. A resonance meter (in this case a Vibration Analyser made by the 


_ General Radio Corp., U.S.A.) is set to resonate at the flicker frequency. The 


flickering electroretinogram is amplified and its magnitude indicated on an 
arbitrary voltage scale by the galvanometer needle of the resonance meter. 
One may choose the flicker fusion point as the constant index and diminish 
the intensity of the light in exposures of the flickering light lasting 3-4 sec at 
intervals of half a minute until the needle ceases to respond or, alternatively, 
keep the light permanently flickering and adjust the energy at each wave- 
length so as to maintain a constant deflexion of the indicator needle. The latter 
method is particularly fast, precise and convenient. The neutral wedge in the 
light beam may be adjusted while one watches the galvanometer of the 
resonance meter and brings the needle to the desired constant deflexion. The 
faster the constant flicker selected, the greater the amount of light needed to 
obtain a given index response. The level of adaptation is therefore dependent 
upon flicker frequency and is directly measured by the energy required for 
25-2 
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a certain sustained flicker response at a wave-length corresponding to the 
peak of the v.P. absorption curve. 

The maximum electroretinogram of the well dark-adapted cat’s eye to a 
single flash is of the order of 1-2mV. For this the intensities have to be 


Flashes/sec 

Fig. 1. A. Two photographs of the largest electroretinograms seen in these experiments in response 
to flashes at the maximum intensity of the Hilger-Tutton monochromator at 5000 A. Note 
the characteristic wavy contour and absence of a-wave, for which stronger lights are required. 
Below, some flicker records. Time signal: 50 o/s, replaced by flash marker in three of the 
records. B, Some typical resonance bands of the vibration analyser with photocell connected 
and Velodyne run at constant speed as described in text. 


strong and well above the cone range. With our Hilger-Tutton monochromator 
@ maximum response of the order of 0-6 mV is obtained if the wave-length 
chosen falls around the top of the v.P. absorption curve (Fig. 1). This is still 
chiefly a rod electroretinogram, and modest light adaptation makes it too 
small to be very accurately measured in an ordinary record from a single flash. 
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Rod flicker runs up to frequencies around 25 flashes/sec (Granit, 1935; 
Enroth, 1952; Dodt & Enroth, 1953), and cone flicker in strong illumination 
up to values around 75-80 flashes/sec, both in retinal elements and in the 
electroretinogram (Enroth, 1952, 1953; Dodt & Enroth, 1953). Dodt (1951a, 6) 
first showed electroretinographically on the human eye that such high flicker 
values can be obtained by using very strong stimuli. The figures given are 
from photographic determinations of fusion frequencies in amplified responses. 
The resonance method indicates scotopic flicker above the value at which 
amplification combined with photography makes good resolution possible and 
hence can be used at lower signal/noise ratios than would be possible in 
electroretinography at low intensities. 


METHOD AND PROCEDURE 


The electroretinogram of well dark-adapted cats was recorded in the customary way by silver— 
silver chloride cotton-wick electrodes taken to a condenser coupled amplifier, one lead on the 
cornea, and the other against the inside of the nose. Some animals were decerebrated, others 
received an intraperitoneal dose of pentobarbitone, 40 mg/kg, to which later small doses of dial 
were added intramuscularly, as needed. The decerebrated animals were given 5-10 ml. of a 20% 
solution of urethane; the third nerve was generally cut. The bulb was fixed by a few stitches to 
the surrounding tissue or sometimes to a metal ring. The pupil of the anaesthetized animals was 
immobilized by a few drops of homatropine and atropine. The light from the monochromator was 
adjusted to fill the pupil. As a check on the state of the eye the electroretinogram for wave-length 
5000 A was photographed before the experiment was begun. 

The Hilger-Tutton monochromator was used in conjunction with a Philip’s tungsten strip 
filament lamp run off high capacity storage batteries at a constant colour temperature of 2800° K. 
Neutral filters and a wedge served to vary stimulus intensity. When weak light-adaptation 
became necessary it was obtained from a 24 V matt bulb provided with an ordinary cup-like shade 
on a long flexible stand. The animal’s box was opened on one side and the distance of the lamp 
adjusted while the response was observed on the resonance meter. So little of this light entered 
the eye that it never could be measured with our standard luxmeter in place of the eye. The 
ensuing depression in sensitivity could, however, be exactly measured through the rise in the 
energy necessary for a constant flicker response in the resonance meter (see below). 

Leads from the amplifier were taken both to the vibration analyser and a cathode-ray oscillo- 
graph. The analyser, which has a frequency range of from 2 to 750 c/s, could be set to respond 
with a narrow or broad resonance band at the desired frequency. In actual practice the narrow 
band was found to give greater stability of the indicator needle of the vibration analyser. In order 
to have a ready check on the required precise coincidence of frequency in analyser and flickering 
beam the output from the photoelectric cell which indicated the flashes on the cathode ray was 
connected as an alternative input to the vibration analyser. Intermittent light was produced by 
@ sectored disk (equal periods of light and darkness) turned by a Velodyne reversing motor- 
generator (British Air Ministry Type 74) electronically controlled and varied in speed by means 
of a potentiometer (Williams & Uttley, 1946), a technique used in this laboratory by Enroth (1952). 
To achieve the necessary long-term frequency stability in the experiments using permanent 
flicker it was found necessary to run the tachometer and amplifying valve circuits from batteries. 

While observing the analyser’s indicator needle with the photocell connected, the Velodyne 
potentiometer was set for resonance at the required frequency. Maximum deflexion of the needle 
signified that flash frequency and analyser setting were identical. In this way, identity of the two 
values could also be checked from time to time with minimum delay. An idea of the precision 
obtainable may be had from Fig. 1 which illustrates some such resonance bands. 
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Optimal accuracy was obtained in the later experiments when the eye was kept permanently 
flickering at constant speed and the wedge setting adjusted so as to maintain a constant needle 
deflexion as the wave-length was altered. It proved possible in the best animals to set the wedge 
to 1 mm in a single trial. This represents a change of transmission, 7’, of 3-75%. It is doubtful 
whether a cat can do better than that (see especially the curves of Fig. 3). However, the work was 
begun by determining fusion frequency with a small deflexion of the indicator needle as criterion 
for fusion. In these early experiments the eye was exposed to the flickering light for test periods 
of 3-4 sec in duration at intervals of 30 sec and a large number of values taken in such tests around 
the fusion point to determine it accurately. This method, in which dark adaptation is maintained 
between tests, requires more time and is less precise than the other one, though more accurate than 
the standard electroretinographic method. Between every two readings a control measurement 
at the maximum (5000 or 5100 A) was inserted in order to have the general sensitivity level under 
control. 


RESULTS 


Permanent dark adaptation 

A number of spectral sensitivity curves were first determined by the criterion 
of fusion frequency, as described above, in order to be able to compare them 
with the human scotopic luminosity curve and with the cat’s curve as obtained 
by standard electroretinographic procedures (Wirth, 1953). These two curves 
agree fairly well with each other, as well as with Gunter’s (1952) scotopic 
sensitivity curve obtained by behaviouristic tests. There is also, as shown by 
Gunter and by Weale (1953a), good agreement with the scotopic dominator 
(Granit, 1947; Donner & Granit, 1948) after appropriate corrections for 
absorption in lens and cornea as well as for tapetal reflexion. Since the eye 
was intact it seemed natural to use the human scotopic luminosity curve of 
Stiles & Smith (1944) for basic comparisons. 

In Fig. 2 the curve drawn in broken lines is the human scotopic luminosity 
curve. The black dots are from four animals using the criterion of fusion at 
constant frequencies between 15 and 21-2 flashes/sec; the circles and the curve 
drawn through them are from six animals at constant frequencies between 
7 and 8 flashes/sec. On four of the animals, both fast and slow flicker were 
used. Contrary to expectation, the curve obtained at the higher fusion 
frequencies agreed the better with the human scotopic luminosity curve. The 
other one was shifted to the blue side. Neither curve could be said to be 
definitely narrower than the human luminosity curve. Minor variations in 
visual purples are not uncommon (see for example, Collins & Morton, 1950a; 
Dartnall, 1953). 

Since it seemed contrary to our expectations that the sensitivity distribution 
should be different in this particular fashion for low and high fusion frequencies 
a number of tests were made with the wave-lengths 4600, 4800 and 5000 A 
alone at frequencies of 4, 8, 12, 16, 20 and 22 flashes/sec, some of the highest 
values occasionally being left out. The blue shift of the curve had an optimum 


around 8 flashes/sec. Sometimes the shift was less marked, sometimes more 
definite, 
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The results at the time suggested that there was a specific resonance to 
blue-sensitive elements at values around 7-8 flashes/sec. This may be a 
specificity of some time-constants of excitation or merely due to a favourable 
balance between rates of v.P. destruction and v.P. renewal at these particular 
light and dark intervals. Some unknown properties of the method (alternans 
rhythms, etc.) may also be held responsible for the blue shift. 


5000 5500 6000 A 
Fig. 2. Broken line (— - --) represents the human scotopic luminosity curve of Stiles & Smith 


(1944); O——O, averaged readings from six experiments at fusion frequencies of 
7-8 flashes/sec, same from four experiments at fusion frequencies between 15 and 17 
(3 animals) and 21-2 flashes/sec (1 animal). 


As stated, the criterion of fusion with the resonance method lies above the 
value obtained by photographing flickering electroretinograms. This is partly 
a matter of sensitivity relative to useful amplification (see Methods), but the 
criterion itself may also be slightly different. The photographed fusion point 
has to be taken as the last value at which retinal flicker follows the flashes. 
At slightly higher values of intermittent illumination occasional wavelets drop 
out. The resonance method based, as it is, on the response of the needle of 
a slow galvanometer cannot respond to the disappearance of occasional 
responses when the method is used in this particular way. 
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Permanent flicker 
The surprising discovery of a blue shift by the criterion of fusion at different 
flash frequencies applied to an eye kept in the dark was followed up by the 
method of permanent flicker which, of course, implies light adaptation to the 
stimulus. The possibility of alternans rhythms or missing responses will not 


100 


4500 5000 5500 6000 A 
Fig. 3. @, single readings for permanent flicker at 4 flashes/sec and constant deflexion on 
resonance meter; ©, same at 20 flashes/sec, except that the values for 4800 and 4600 A are 
based on double readings. 


enter with this method if one chooses a good deflexion of the resonance meter 
as the constant index to which the wedge has to be adjusted. The blue shift 
occurred again but now only at the higher frequencies. 

Fig. 3 shows the result in a very satisfactory experiment on a decerebrate 
animal for 4 and 20 flashes/sec. All values, except two (see legend), were single 
settings of the wedge, and these were perfectly stable. The animal was 
equilibrated to the light adaptation involved (see below) in taking these two 
sets of readings. In this case the curve at 20 flashes/sec is shifted to the blue side 
and there is some indication of a little hump around 4900 A, as if some other 
substance than the one responsible for the curve at 4 flashes/sec had been 
formed or merely risen above the threshold owing to the depression of v.P. 
sensitivity that occurred at the higher flicker rate. 
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Three decerebrate animals were studied systematically at increasing flicker 
frequencies, Wave-length 5000 A was taken as 100%, the other wave-lengths 
being 4800 and 4600 A. The results are put together in Table 1. In this table 
the level of sensitivity is also given by the logarithms of transmission (log 7) 
for wave-length 5000 A. With this technique of permanent flicker and waiting 


TaBLE 1. Values for percentage sensitivity of the eye referred to wave-length 5000 A, the general 


Flashes/sec 
4 8 12 16 18 20 22 

log 7 1-96 2-11 2-19 2-46 2-67 2-92 3-67 

A 73 82 81 84 81 84 98 
4600 A 53 57 57 61 57 59 68 
log T 1-05 1-47 1-54 1-68 es 2-70 ct 
4800 A 78 80 85 < 85 a 
4600 A 51 57 61 one 61 a 
log T ~ 1-26 1-36 1-87 ome 3-11 sin 
4800 A 77 78 81 86 
4600 A 59 61 63 71 


until a semi-stationary equilibrium had been established, the shift of the 
curves towards the blue end turned up at the higher frequencies suggesting 
that some light adaptation was necessary. This statement should be qualified 
by pointing out that the state of equilibrium is relative in that the sensitivity 
at the higher frequencies first drops quickly and then slowly. The curve at 
20 flashes/sec was taken during the slow semi-stationary state. The results 
suggested that some light adaptation was essential for the blue shift to appear 
and that, inasmuch as some particular rate of stimulation was optimal, this 
may have been because of a favourable balance between breakdown and 
regeneration in the v.P. system. 


Permanent slow flicker and light adaptation 

The animal used in Fig. 3 was then exposed to light flickering at 4 flashes/sec, 
the relative level of sensitivity being 1-41 in terms of log T at 5000 A. The 
filled circles in Fig. 4 are those of the curve of Fig. 3. Then the adaptation light 
was switched on and the level of sensitivity rapidly fell to log T =2-62. During 
the semi-stationary period the values at 4900, 4700 and 4600 A were repeatedly 
taken with alternate control readings at 5000 A in the usual fashion. The first 
set of values (©) was very high. Then sensitivity began to rise again, as often 
happened with some animals at certain adaptation intensities, while the work 
still went on. The next set of values (©) indicated a return towards the original 
readings although the level of sensitivity only had risen to log T =2-52. The 
values in the long wave-lengths were all taken in the later phase of the experi- 


level of sensitivity being given in terms of the logarithm of transmission (7') of the same 
wave-length a 
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ment. Clearly it is impossible to take as many readings as one would like, even 
though the change in sensitivity is a fairly slow creep giving enough time to 
establish a few points accurately between tests with 5000 A run as control. 


4500 5000 5500 6000 A 


Fig. 4. @ - - - @, curve from Fig. 3 taken at 4 flashes/sec; O-———O, early values after some light 
adaptation; ©———@, later values all recorded in permanent flicker at 4 flashes/sec, as 
described in text, with 5000 A run as control at 100%. 


Fig. 5 is mainly devoted to wave-lengths 5000, 4800 and 4600 A during light 
adaptation in permanent flicker at 8 flashes/sec. The filled circles are the 
original values before light adaptation. The other values have been taken 
between 0-5 and 17 min of light adaptation, the early values being represented 
by open, the later ones by half-filled circles, 5000 A always being 100%. The 
early fast drop in level of sensitivity was modest. It has hitherto been given 
as log 7’, but it is perhaps of some interest in one instance to use sensitivity, 
which is 1/7. The early fast drop then was from 393 to 55 in relative units. 
There was no secondary rise in level of sensitivity during the time the readings 
were taken. 
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DISCUSSION 
It is clear then that, against expectation, it is impossible to demonstrate in the 
average response @ narrowing of the v.P. curve or a definite red shift in modest 
light adaptation. There is, on the contrary, a blue shift which is large enough 


% 
100 

80 
60 
4500 5000 5500 A 


Fig. 5. As Fig. 4, but permanent flicker at 8 flashes/sec; @ - - - @, readings in the fully dark 
adapted state; OO, immediately after slight light adaptation; ©, later in light 


adaptation. 
ht to express itself in the flickering electroretinogram. Very often this phenomenon 
as is transitory but occasionally, at a suitable rate of flicker, it seems possible to 


establish a permanent blue shift, as in the first experiments using fusion 
frequency and full dark adaptation. It is difficult to say more about this 


ht phenomenon than that it proved feasible to bring it under some control and 
he make it repeatable. Permanent flicker in the upper rod range of fusion 
en frequencies alone, as well as permanent flicker in the lower rod range, if 
ed supported by some light adaptation, brought it forth in all experiments in 
‘he which these procedures were tried. It might be added that it is doubtful 
en whether any other method of measuring average sensitivity is fast and 
ty, sensitive enough for this purpose. It is thus also concluded that the resonance 
its. method has emerged successful from its first trial on a specific problem. 

ngs What does the blue shift signify? In the first instance, perhaps, some relation 


between visual purple and blue-sensitivity, emphasized repeatedly by one of 
us in several papers (summarized by Granit, 1947). A hypothesis accounting 
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for the results will have to satisfy the following facts: (i) that the curve is 
shifted bodily to the blue side, (ii) that the shift appears to be of the order of 
only 100-150 A, (iii) that in slight light adaptation the phenomenon is transitory 
and (iv) that it seems involved in a complex fashion in the phenomena of 
breakdown and regeneration of rhodopsin. In view of what is known about 
these processes, as studied in test-tubes, the substance may well be the iso- 
rhodopsin of Collins & Morton (19506) of which Hubbard & Wald (1952) say 
that it ‘has as yet no status in the living organism, and must for the present 
be regarded as an artefact’ (p. 307). Its absorption maximum is given by the 
former authors as 4920 A, by the latter as 4870 A. Our suggestion implies that 
also in the living eye breakdown products of rhodopsin can regenerate both 
to isorhodopsin and the parent substance, visual purple itself. But we do not 
at the moment think this view the only one possible, merely highly plausible. 

Our results run counter to notions based on blue-absorbing degradation 
products of visual purple serving as filters because these would cause red shifts. 
They are also of some interest in view of the recent method developed by 
Rushton (1952) for measuring v.P. concentration in the living eye by light 
reflected from the retina. It is known (Granit et al. 1938; Granit, Munsterhjelm 
& Zewi, 1939) that there may be considerable reductions in retinal sensitivity 
as measured electroretinographically without any equivalent reductions in v.P. 
concentration studied by timed extractions. The recent results based only on 
measurements by reflexion (Rushton, 1952; Hagins & Rushton, 1953) support 
the old work. If v.r. blue shifts of a transitory nature occur they may also 
signify the formation of fresh labile blue-sensitive systems (e.g. the pigment 
467 of Dartnall, 1952) as v.p. sensitivity is depressed. In this case the postu- 
lated transient material, if the shift is small, may well be mistaken for visual 
purple if measured by reflexion. 

Finally, it is interesting to recall that peripheral vision and vision in the 
dark have long been held to favour blue hues (see, for example, summary, 
Granit, 1947). This is again emphasized by the recent psychophysical results 
of Weale (19536). Also, the rod-dominated eye of the guinea-pig is well 
provided with blue sensitive elements obtainable by the micro-electrode 
technique. These facts will also have to be considered but can hardly be 
accounted for by an explanation based on the assumption that isorhodopsin is 
formed in the living eye. 


SUMMARY 
1. A new method is described whereby flicker electroretinography for 
quantitative purposes is considerably improved by recourse to electrical 
resonance in order to emphasize any desired frequency of flicker within the 
rod and cone range. 
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2. It is used in the paper in order to measure the scotopic sensitivity 
distribution in the spectrum of the dark-adapted cat eye before and after 
modest light adaptation. 

3. At certain flicker frequencies, the values depending upon how the 
resonance method is applied, the scotopic sensitivity distribution is found to 
be slightly shifted towards the blue end of the spectrum. 

4. Light adaptation of the order used, so far from diminishing the width of _ 
the visual purple distribution of sensitivity, on the contrary causes a shift of 
the whole curve towards the blue end of the spectrum. This is in the opposite 
direction to the Purkinje shift. 

5. A brief discussion is given of the known theoretical possibilities for 
obtaining “blue shifts’ large enough to influence an average response such as 
the electroretinogram. 


We are indebted for grants (to R. G.) to the Rockefeller Foundation and the fund ‘Therese och 
Johan Anderssons Minne’ for support of this work. 
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A METHOD FOR THE CALCULATION OF METABOLIC WATER 


By 8. D. MORRISON 
From the Institute of Physiology, University of Glasgow 
(Received 18 May 1953) 


In investigations of the water exchange and water balance of animals it is 
frequently necessary to estimate the water of oxidation or metabolic water. 
Where water intake is being measured specifically it is essential to take this 
metabolic component into account along with food moisture, as these can 
greatly modify the interpretation to be placed on variations in purely fluid 
intake, as for example, in studies of the effect of dietary composition on water 
intake. Where water balance is estimated directly, a measure of the metabolic 
water is essential, and even when water balance is estimated indirectly from 
the dry-matter exchange, by Peters’s equation (Peters, Kydd & Lavietes, 
1933), it is of great value to have, also, a measure of the absolute quantity of 
water exchanged. 

The customary method of estimating metabolic water from respiratory 
metabolism data is cumbrous, entailing the partition of the components of 
combustion, and the separate calculation of the metabolic water produced 
from the combustion of protein, fat and carbohydrate. The alternative method 
of applying standard values for metabolic water to each of the dietary proxi- 
mate principles, e.g. 0-41, 1-07 and 0-60 g water for protein, fat and carbo- 
hydrate respectively (Brody, 1945), entails a precise knowledge of the compo- 
sition of the diet, and is, in any case, inaccurate unless the composition and 
water equivalent of the faecal loss be also known. In a long series of 24 hr 
metabolic studies of the rat I found it necessary to calculate the metabolic 
water for each day. The following method, which greatly facilitates this 
calculation, was therefore derived. 

Weir (1949) derived an equation for the calculation of metabolic rate 
directly from the measured oxygen consumption, carbon dioxide production 
and urinary nitrogen production. A similar equation can be derived, in like 
fashion, for the calculation of metabolic water. 

The respiratory constants used here for the metabolism of protein differ 
slightly from those customarily used. They have been recalculated directly 
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from Loewy’s (1911) data. An error in the protein R.Q. has been eliminated 
which was unfortunately introduced by Lusk oo who applied a volumetric 
correction to gravimetric data. 


Tasxe 1. Symbols and numerical values used in deriving equations 


Carbohydrate Protein Fat 
10 0-796* 0-708T 
4-463* 4-686§ 
0-410* 0-532, 
ol. O, metabolizing z y z 
* Calculated from the data 1911 


component of the urine. 
+ Calculated on the basis of complete combustion of a hypothetical mixture of equal parts of 
tripalmitin and triolein. 
t Calculated on the basis of complete combustion of a 90:10 mixture of polysaccharide and 
disaccharide. 


§ Zuntz & Schumberg (1901). 


From the terms in Table 1 the following basic equations can be constructed : 


litres O, consumed = V =2+y+z, 
_ litres CO, produced = RV =z +0-796y + 0-708z, (2) 
g water produced = W=0-6692 +0-410y +0-532z. (3) 
Solution of these simultaneous equations gives 
W =0-1998V +0-4692RV —0-1633y. (4) 


Using the factor of 5-940 1. oxygen/g urinary nitrogen, derived from Loewy’s 
(1911) data, the last term of equation (4) can be expressed as 0-1633 x 5-940 x g 
urinary N. This gives a final form for the water equation of 

Metabolic water formed (g) =0-1998 x litres O, consumed 
+0-4692 x litres CO, produced —0-9700 x g urinary N. (5) 

As a measure of the respiratory quotient is normally required in investiga- 
tions yielding the data necessary to apply this equation, the above is a con- 
venient form of the equation. If necessary it can, of course, be converted to 
express either or both of the gaseous components in terms of weight. For this 
conversion the constants in the terms in oxygen and carbon dioxide would be 
substituted by 0-1398 and 0-2373 respectively. 

The true metabolic water, as given by equation (5), cannot be derived 
without precise measurement of the total daily oxygen consumption and 
carbon dioxide and urinary nitrogen loss. In studies on human metabolism it 
is very rarely that the component terms of the above equation are available, 
or are obtainable with sufficient accuracy to justify the use of equation (5). 
This is also frequently true of investigations of the water balance of animals, 
when data for only relatively short ‘basal’ periods may be known. It may be 
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useful, therefore, to consider a form of the equation expressed in more usually 
measured terms. The following calculations do not eliminate the necessity for 
the above long-period measurements if accurate estimation of metabolic water 
is to be obtained, but merely substitute some average values to give convenient 
working equations. 
The equation for total energy production, corresponding to (5) above, is 
Total keal = 3-840 x litres O, consumed + 1-195 x litres CO, produced 
— 1-950 x g urinary N. (6) 
The constants in this equation differ slightly from those given by Weir (1949), 
as the basic terms used in its calculation correspond to those used above for 
the calculation of metabolic water. 
Solution of equations (5) and (6), with elimination of the term in oxygen 
volume, gives the equation 
W =[K(0-1998 + 0-4692R) — N(3-3352 + 0-2443R)]/(3-840+1-195R), (7) 


where W, K, N and R are, respectively, total metabolic water in g, total energy 
production in kcal, total urinary nitrogen in g and total r.9. 

If the energy derived from protein is assumed to be one-eighth of the total 

energy production, equation (7) can be reduced to: ip 

W = K(0-1832 + 0-4680R)/(3-840 + 1-195R). (8) 
For a given R.Q. the error introduced into the estimate of total metabolic water 
by ignoring the protein correction is about 0-23 °% for each 1% of total energy 
derived from protein. 

The total energy production, K, can be derived from the respiratory 
exchange, as also can the total n.g. Failing this, the energy can be estimated 
from the dietary intake, and a value can be assumed for the R.Q. Thus, 
assuming @ value of 0-9 for the R.Q., equation (8) can be further reduced to 

W =0-123K. (9) 
It is to be noted, however, that the estimate of metabolic water is more 
sensitive to variation in R.Q. An error of 1% in the assessment of average 
total n.g. produces an error of 0-6% in the water estimate in the same 
direction. 

All the equations presented above are based on the use of standard values 
to define the oxidative degradation of dietary components. If the true values 


_ depart greatly from those used here, the constants given in equations (5) and 


(6) will be in error. The energy equation is most sensitive to changes in type of 

dietary fat, as fats show a wide range of heats of combustion; the water 

equation is most sensitive to changes in type of carbohydrate, polysaccharides 

producing only five-sixths the amount of water, per litre of oxygen, produced 

by monosaccharides on oxidation. Any such deviation is unlikely to have 
PH. OXXII. 26 
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a serious effect, however, unless the diet is very unusual. In animal experi- 
ments, if the constants of the particular diet used can be accurately defined, 
it would be as well to recalculate equations (5) and (6). 

All the equations hold even when body tissue is being deposited or oxidized, 
the differences between the composition of the dietary components and the 
body tissue components having a negligible effect. The equations do not, of 
course, hold in metabolic disturbances affecting the end-products of meta-_ 
bolism, such as ketosis. In the case of equation (9), however, deposition or 
oxidation of body tissue may have a significant effect on the total R.Q., and if 
body weight is being gained or lost it might be advisable to increase or decrease, 
respectively, the estimate of R.Q. substituted in equation (8). It must be 
remembered that equation (9) is at best an approximation, which is simpler to 
calculate than the usual approximate method and, on an —— ae, 18 
unlikely to heeds in error to the extent of more than +5%. 


| | SUMMARY 

1. An equation is derived for the calculation of metabolic water from the 
components of the respiratory exchange. 

2. Further equations are presented for the estimation of metabolic water 
from the total energy production. 
' 3. The vahdity of these equations under varying dietary conditions is 
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ENZYMIC OXIDATION .OF TRYPTAMINE DERIVATIVES 
By H. BLASCHKO anp FLORA J. PHILPOT* 
From the Department of Pharmacology, University of Oxford 
(Received 20 May 1953) 


Tt has been known for some time that tryptamine is a substrate of amine 


oxidase (Blaschko, Richter & Schlossmann, 1937; Pugh & Quastel, 1937). 
Oxidation by amine oxidase accounts for the metabolic fate of tryptamine in 
the intact organism and in perfused organs, where f-indoleacetic acid was 
shown to be produced (Ewins & Laidlaw, 1913; Guggenheim & Loeffler, 1916). 
These observations have since acquired a new significance, as it is now known 
that amines closely related to tryptamine are found in animals; these are 
5-hydroxytryptamine, which has also been described under the names ‘sero- 
tonin’ and ‘enteramine’, and its N-dimethyl derivative, ‘bufotenine’, which 
occurs in the skin secretions of some amphibia, sometimes in association with 
the primary amine. 

That 5-hydroxytryptamine is a substrate of amine oxidase was made likely 
by observations on the biological inactivation of ‘serotonin’ and ‘enteramine’ 
which have already been fully discussed elsewhere (Blaschko, 1952a). Experi- 
ments have since been reported which show that the amine is rapidly oxidized 
by preparations of amine oxidase of mammalian and cephalopod tissues 
(Freyburger, Graham, Rapport, Seay, Govier, Swoap & Vander Brook, 1952; 
Blaschko, 19526). Similarly, studies on the inactivation of bufotenine by 
mammalian tissues suggest that this too is destroyed by amine oxidase 
(Erspamer, 1946), but experiments on the enzymic oxidation of this compound 
have not been reported. 

In this paper we describe some observations on the enzymic oxidation of 
tryptamine itself and its two 5-hydroxy derivatives. We have used the mano- 
metric method, in order to obtain data which make it possible to compare the 
rates of oxidation of the different compounds. 


MATERIAL AND METHODS 
In most experiments, samples of 5-hydroxytryptamine creatinine sulphate from the Abbott 
Laboratories, Chicago, were used ; a few experiments were carried out with the picrate. Two samples 
of bufotenine were used; one was the picrate, prepared by Wieland, Konz & Mittasch (1934); the 
other was the base, prepared by Harley-Mason & Jackson (1952). 
* I.C.I. Research Fellow. 
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The tissues were prepared with a glass homogenizer; the medium was 0-067 m-sodium phosphate 
buffer of pH 7-4. The mammalian tissues were from freshly killed animals, but some of the 
cephalopod tissues, which had been collected at Plymouth, had been stored at — 10° C for some time. 


EXPERIMENTS 

Oxidation of 5-hydroxytryptamine*by mammalian tissues 
We have compared the rates of oxidation of tyramine, tryptamine and 
5-hydroxytryptamine in homogenates of liver and kidney from the guinea- 
pig, the cat and the pig. 


In most of these experiments the homogenates contained 200 mg of fresh tissue per ml.; this 
homogenate was dialysed for about 16 hr against tap water, and to each ml. of the dialysed 
preparation 0-2 ml. of an 0-2m-sodium phosphate buffer of pH 7-4 was added. In the mano- 
metric experiments each flask contained 1-0 ml. of the tissue preparation, 0-6 ml. of the 0-067 m- 
sodium phosphate buffer and, in the side arm, either 0-4 ml. of water or 0-4 ml. of 0-05 m-amine. 
The potash tube contained 0-2 ml. x-KOH and a filter-paper. The experiments were carried out 
at 37-5° C; the gas phase was oxygen. 


The results of these experiments are summarized in Table 1. In this table, 
the oxygen consumption with tryptamine and 5-hydroxytryptamine is ex- 
pressed as a percentage of the oxygen consumption with tyramine. 


TaBiz 1. Relative rates of oxidation of tyramine, tryptamine and 5-hydroxytryptamine by 
homogenates of mammalian tissues. Oxygen uptake in yl. with tyramine as substrate in the 
first 30 min is given in brackets. 

Substrate 


A 


x 


Tissue Tyramine 

Guinea-pig liver 100 (136) 

100 (275) 

100 (147) 

Guinea-pig kidney 100 on 
100 (154 

Cat liver 100 (138) 

100 (195) 


| 100 (217) 
Cat kidney 100 (167) 
100 (167) 

Pig liver he 100 (236) 
100 (2486) 

Pig kidney 100 (98) 
100 (181) 

100 (215) 


335% 8 
186 


_ The table also includes a few experiments in which 0-01 m-cyanide was 
present; in these experiments the potash tube contained a KCN-KOH mixture. 

It can be seen that preparations from all the tissues examined oxidized the 
three amines, but the relative rates at which they were oxidized were different. 
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Tyramine was always rapidly oxidized; in the guinea-pig and the cat the rate 
of oxidation of tyramine was higher in the liver than the kidney, but in the 
pig there was little difference in the rate of oxidation of tyramine in the two 
tissues. The rate of oxidation of tryptamine was also high in the guinea-pig 
and the pig, but in the preparation from cat liver and kidney it was low. 
In the guinea-pig, the rate of oxidation of 5-hydroxytryptamine was very 
similar to that of tryptamine, but in the pig 5-hydroxytryptamine was 
oxidized more slowly than tryptamine, and in the cat the rate of oxidation of 
5-hydroxytryptamine was low. 


Experiments with bufotenine 
Very little material was available, and smaller manometer flasks were therefore used. The main 
compartment contained 0-56 ml. of homogenate, the side arm 0-14 ml. of either water or 0-05 m- 
substrate, and the potash tube 0-1 ml. n-KOH. In a second experiment, 0-01 m-cyanide was also 
added. 


In each experiment bufotenine was oxidized, but the rate of oxygen uptake 
was much slower than with 5-hydroxytryptamine. In an experiment with 
cat liver, 31]. were taken up in 30 min with 5-hydroxytryptamine as sub- 
strate and 41. with bufotenine; with guinea-pig liver the corresponding 
figures were 74 ul. of O, with 5-hydroxytryptamine and 3 ul. with bufotenine. 


Oxidation of 5-hydroxytryptamine by cephalopod tissues 
The experiments with tissue preparations from Octopus vulgaris were carried 
out in May 1952, on tissue that had been collected in the preceding autumn 
and kept at —10°C. It is possible, therefore, that the enzymic activity was 
a little lower than it would have been in fresh tissue. Table 2 summarizes our 


Taste 2. Oxidation of amines in cephalopod tissues. Oxygen uptake 
in pl. O, during the first 15 min of incubation. 


Fresh weight Substrate 
of tissue in Substrate — - 
Source each concn. 5-Hydroxy 
of enzyme | (mg) (™) Tyramine Tryptamine 
Loligo forbesti optic lobe 0-01 58 34 26 
Eusepra officinalis liver 150 0-01 32 50 7 
saliv + 

| 333 0-005 4l 27 30 
Expt. 2 333 0-005 _ 50 27 


results with cephalopod preparations. In these experiments homogenates of 
tissue were prepared in 0-067 M-sodium phosphate buffer; these were dialysed 
against the phosphate buffer overnight. The final preparation, suitably diluted 
with phosphate buffer, was incubated with substrate at 37-5° C in oxygen. 
It has already been reported elsewhere that the optic lobe of Loligo forbesis 
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contains amine oxidase (Blaschko & Himms, 1953). This preparation oxidized 
all three amines. The table also gives the result with a dialysed preparation of 
Eusepia liver; this organ had been kept frozen for 8 months at — 10° C. 

A preparation of Octopus liver oxidized tyramine and tryptamine at approxi- 
mately equal rates. It also oxidized 5-hydroxytryptamine, but this amine 
was used as the picrate and it was found that added picrate markedly slowed 
down the enzymic oxidation of tyramine and tryptamine by Octopus liver. 
We have therefore not included the experiments with Octopus liver in Table 2. 
We have, however, included two experiments with Octopus posterior salivary 
gland, as picrate did not affect the rate of oxidation of tryptamine by this 
preparation. In Expt. 1 of Table 2 we used 5-hydroxytryptamine picrate, and 
tyramine and tryptamine as hydrochlorides but with an equivalent amount 
of sodium picrate added. In Expt. 2 of Table 2 5-hydroxytryptamine creatinine 
sulphate was used. The Octopus tissues had been kept at — 10° C for about two 
years when these experiments were carried out. 


DISCUSSION 
The observations reported show that 5-hydroxytryptamine is oxidized by all 
the tissue preparations which act on tyramine and tryptamine. This supports 
the conclusion that amine oxidase is the catalyst of the reaction. The main 
outcome of this study is the finding that the relative rate of oxidation of the 
amines is not the same in all species; in the cat, both tryptamine and its 
5-hydroxy derivative were slowly oxidized. In the pig, tryptamine was 
oxidized as rapidly as tyramine, but 5-hydroxytryptamine was oxidized at 
a much lower rate. Similarly, in the one experiment with Fusepia liver, the 
rate of oxidation with 5-hydroxytryptamine was lower than with the two other 
amines tested. | 

These observations are of interest in connexion with the question of the 
physiological significance of amine oxidase. The recognition of 5-hydroxy- 
tryptamine as a widely distributed constituent of vertebrate and molluscan 
tissues suggests that the biological inactivation of this amine is one of the 
functions of amine oxidase. It is of interest, therefore, that in the cat 5-hydroxy- 
tryptamine is rather slowly oxidized by amine oxidase. This is not explained 
by a lack of sensitivity of the cat tissues to the amine; on the contrary, one 
might consider the possibility that the very high sensitivity of the cat’s 
bronchial muscles to 5-hydroxytryptamine is connected with the slow removal 
of the amine in this species. 
_ Amine oxidase is an enzyme that has never been isolated pure, and we can 
therefore at present not decide whether the differences in the relative rates of 
oxidation are explained by species differences in the pattern of substrate 
specificity or by the presence, in variable amounts, of closely related distinct 
enzymes. 
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At present, the physiological. significance of amine oxidase is still under 
discussion, but the available evidence can best be understood if we assume 
that it is a catalyst which is of importance in the metabolism of 5-hydroxy- 
tryptamine as well as of the sympathomimetic amines. This does not exclude 
other metabolic pathways for both types of amine. A conjugation of the 
phenolic hydroxyl group in 5-hydroxytryptamine may occur. An oxidative 
reaction of the type 


CH 

of 

H HC 
on” Not 

is also possible. 

These considerations are of particular interest in connexion with our findings 
on the enzymic oxidation of bufotenine. N-Dimethylamino compounds are 
known to be oxidized more slowly than the corresponding primary amines, 
and it is therefore not surprising to find a much reduced rate of oxidation of 
this compound. In Erspamer’s (1946) experiments some evidence pointed in 
favour of amine oxidase as the catalyst of the inactivation of bufotenine, 
but the possibility remains that oxidation by amine oxidase is not the only 
enzymic reaction involved. 

SUMMARY 
1. The rates of oxidation of tyramine, tryptamine and 5-hydroxytryptamine 


in homogenates of liver and kidney of the guinea-pig, cat and pig have been 


measured. 

2. 5-Hydroxytryptamine was oxidized by all preparations. The rate of its 
oxidation was high in the guinea-pig; it was lower in the pig, and in the cat the 
rate was very low. 

3. 5-Hydroxytryptamine was also oxidized by homogenates from Octopus 
vulgaris, Eusepia officinalis and Loligo forbesi. 

4. Bufotenine was very slowly oxidized by cat and guinea-pig liver. 


We are grateful to Miss Jean M. Himms for assistance in these experiments, and to the Director 
and Staff of the Marine Biological Laboratory at Plymouth, for their help in obtaining the material 
from cephalopods. Thanks are also due to Drs R. K. Richards, W. Feldberg, F. Lynen and J. 
Harley-Mason for giving us the substances used in these experiments. 
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SPONTANEOUS FLUCTUATIONS OF EXCITABILITY IN THE 
MUSCLE SPINDLE OF THE FROG 


By A. J. BULLER, J. G. NICHOLLS anp G. STROM* 


From the Sherrington School of Physiology, St Thomas’s Hospital and 
Departments of Biophysics and Physiology, University College, London 


(Received 1 June 1953) 


The discharge of impulses from the muscle spindle of the frog, when subjected 
to a constant mechanical stimulus (stretch), may show great irregularity. 
This is most noticeable when the muscle is near its resting length. The mean 
rate of impulses is then very low, and successive intervals appear to vary in 
a random manner. As the muscle is stretched, the rate of afferent discharge 
increases and irregularities become less obvious (Matthews, 1931). 

A possible explanation of the random discharge at low frequency has been 
suggested by Katz (1950a, 5), on the basis of observations on single sensory 
nerve endings. Depolarization of the terminal branches of an axon in a muscle 
spindle was found to be responsible for the initiation of sensory impulses, the 
rate of the discharges depending upon the intensity of the local potential 
change. Fluctuations of the level of depolarization would therefore cause 
irregularity of the intervals between successive impulses. Such fluctuations of 
potential might be due directly to thermal agitation of ions in the nerve 
terminals, or they might be produced indirectly by molecular agitation in the 
mechanical receptor substance. 

At present, little is known about the mechanical receptor system, but the 
effects of thermal agitation in nerve endings can be subjected to a tentative 
theoretical analysis (see Fatt & Katz, 1952). Thus, the finer the diameter of 
a fibre, the larger will be the amplitude of ‘voltage noise’ at the terminal. 
For example, for an extremely fine ending, 0-1 » in diameter, a voltage 
fluctuation of the order of 0-5 mV r.m.s. has been estimated. 

The present experiments were planned to investigate whether this simple 
source of physical random disturbance could explain the observed fluctuations 
of impulse discharge. The irregularity was measured over a large range of 
frequencies of firing, applying various amounts of stretch to the muscle. 


* With a scholarship from the Swedish Medical Research Council. 
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Therefore, primarily the result gives quantitative information about impulse 
irregularity in a sensory axon. In addition, the result has some bearing on the 
nature of the underlying cause of irregularity. 


METHODS 

Preparation. The experiments were performed on M. extensor long. dig. IV of the frog, at room 
temperature, a preparation described in detail by Katz (1950a). After dissection of the muscle and 
its nerve, the nerve was progressively cut down at its entry into the muscle until only a single 
sensory axon remained, occasionally together with a motor axon. The muscle was mounted in 
paraffin oil, being held at one end with a rigid pair of forceps, which could be moved by a micro- 
meter screw, and, at the other, by a lever, damped by a viscous resistance, in series with a magnetic 
relay. The micrometer was used for slow stretch of the muscle, the lever for rapid stretch. The 
preparation was kept in a metal box, placed on a thick rubber pad, in order to avoid electrical 
and mechanical disturbances. 

Recording. Action potentials in the isolated sensory axon were recorded by Ag-AgCl-agar 
electrodes, one on the muscle tendon and the other on the main nerve trunk. The electrical 
recording equipment consisted of a cathode-follower input stage of low grid current, a resistance- 
capacity coupled push-pull amplifier with a 1-5 sec time constant, a double-beam cathode-ray 
oscillograph and a loud speaker. With stationary oscillograph beams the action potentials and 
a time calibration of 50 c/s were photographed on recording paper, moving at a fixed speed which 
could be varied from 3-3 to 56 cm/sec. 

Protedure. A preparation was dissected, left for half an hour in Ringer’s solution and then 
mounted in paraffin oil. The muscle was stretched or released to different lengths above or below 
its ‘resting’ length, as measured in situ, in order to produce afferent firing of different frequencies. 
After each stretch a series of impulses, usually several hundred, was photographed. Slow stretch 
sufficed to produce low firing frequencies but for the highest frequencies (100-250 imp/sec) rapid 
stretch up to of 25% of the ‘resting’ length had to be used. The speed of the recording paper was 
adjusted for each new frequency so as to give intervals at least 3 mm, but usually 5-10 mm, in 
length between the recorded spikes. 

Measurement. The intervals between successive spike potentials on the recording paper were 
measured with a travelling microscope, graduated to 0-01 mm. The paper speed was calculated 
from the calibrating 50 c/s, and irregularities in speed determined. 

Solutions. The Ringer solution contained 102 mm-NaCl, 1-0 mm-KCl, 0-9 mm-CaCl, and 
1-2 mu-NaHOO,. 


RESULTS 
Qualitative observations 
In the course of the present investigations, we repeated and confirmed the 
observations made by Katz (1950a, 6) on the form of the action potential of 
an afferent impulse from the muscle spindle, on the occurrence of brief 
prepotentials with or without a propagated impulse and on the depolarization 
of afferent nerve endings produced by muscle stretch. 

When a muscle was adjusted to its in situ length, the isolated sensory axon 
usually fired irregularly at frequencies less than 10 imp/sec. If the muscle was 
considerably shortened below this length most preparations, but not all, were 
completely silenced for the period of observation. 

When the muscle was stretched beyond its resting length, the discharge rate 
increased and apparently became more regular, in the manner described by 
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Matthews (1931). To determine residual random fluctuations it was necessary — 
to apply statistical tests. In doing so some experiments had to be rejected 
because of the following complications. 

In a few preparations, short bursts of impulses at a high frequency appeared 
at irregular intervals between periods of ‘normal’ activity. No correlation of 
these bursts with mechanical disturbances could be observed. A similar 
phenomenon was observed by Matthews (1931) in muscles kept in a solution 
of 0-75% sodium chloride. In our experiments it was taken to be a sign of 
abnormality and an adequate reason for discarding the preparation. 

In some preparations, when the muscle was subjected to a rapid, large 
stretch to produce a high firing frequency, one or several impulses occasionally 
dropped out of an otherwise regular series of impulses. The same phenomenon 

had been observed earlier by Matthews (1931) and Katz (19506). All recordings 
| showing such blockings were discarded and if blocking had already occurred 
at fairly low firing frequencies the preparation was discarded completely. — 

Adaptation, that is a gradual fall of discharge rate at constant muscle 
lengths, became more and more apparent as a muscle was stretched by 
increasing amounts, as was described by Matthews (1931) (see Fig. 1 A). In 
» fact, adaptation was one factor limiting the range within which the irregularity 
of impulse rate could be statistically caleulated in a satisfactory manner. 

Statistical computation of irregularity of impulse discharge. A single recording 
consisted of several hundred impulses, photographed with the muscle at 
constant length. The intervals between twenty-one consecutive impulses were 
pooled, each separate recording yielding about ten such pools. Each experi- 
- ment consisted of a number of recordings, usually five to ten, covering as 

large a range of firing rates as possible. After a careful selection had been 
made to avoid ‘abnormal’ preparations, on criteria described above, eleven 

experiments with altogether 590 pools (11,800 intervals) were left for statistical 

treatment. For each pool the mean interval and the standard deviation (s.D.)_ . 
> were determined (in msec). This treatment gave 590 pairs of mean intervals 
and their s.p., the latter expressing the irregularity of impulse discharge in 
terms of intervals. 

The statistical procedure was selected after careful consideration of several 
alternative methods. The statistical treatment was based on the use of intervals 
(in msec) between impulses and not their reciprocal values (rates in imp/sec). 
, The reason for this was that the distribution of intervals about their means 
was symmetrical over a large range of mean intervals, from 150 to 6 msec (see 
Fig. 2), while for their reciprocal values (rates) the distribution was asym- 
{ metrical over a large range. For instance, Fig. 1 B shows the disparity 

between the distribution curves of rates and intervals at a mean rate of 
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11 imp/sec (corresponding to a mean interval of 107 msec). Within a range 
where the distribution curves are changing in skewness, the s.D. cannot be 
regarded as a satisfactory measure of irregularity for quantitative comparison. 

The number of intervals used for each pool was twenty. The reason for not 
taking a larger number, to increase the fidelity of the s.p. of a pool, was the 
presence of adaptation at high impulse rates. Adaptation produced a con- 
tinuous change of mean interval during a record (see Fig. 1 A). This could 
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Fig. 1. A, adaptation of sensory discharge in a single axon, with the muscle held at constant length 
after rapid stretching. The change in interval (msec) between 350 successive impulses is 
shown. Abscissae: number of impulse. Ordinates: interval in msec. B, distribution curve 
for 130 intervals, mean value 107 msec (right), and for the reciprocal values of the same 
intervals (rate of discharge), mean value 11 imp/sec (left). Abscissae: percentage of mean 
value of interval and rate respectively. Ordinates: percentage of total number of intervals 
have been allowed for by the laborious method of fitting a straight line or 
a curve to the changing intervals and calculating the s.p. about the curve. 
The latter procedure was adopted in a few cases to estimate the error involved 
in the alternative procedure of pooling twenty consecutive intervals. The 
error was found to be insignificant for mean intervals down to about 10 msec 
but was appreciable for shorter mean intervals, when adaptation became more 
marked. The tendency of the error was to give too large a s.p. by the method 
of pooling. Recordings showing very rapid adaptation at rates of 200- 
300 imp/sec were therefore not used in the statistical treatment. 
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Tests were carried out to see whether the irregularities of successive 
intervals were independent of the previous interval. Comparing the s.p. 
with a figure obtained from the difference of successive intervals from the 
preceding interval, the relationship remained constant. 


36 msec 
n=375 


10 120 130 140 150 


msec 


20 100 20 100 
Fig. 2. Distribution curves for six groups of intervals, with mean values of (a) 1160 msec (180 
: intervals), (56) 310 msec (340), (c) 143 msec (360), (d) 107 msec (360), (c) 36 msec (375), 
(f) 8 msec (200). Abscissae: percentage of mean interval. Ordinates: percentage of total 
number of intervals. M =—mean interval; n=no. of intervals. 


The errors involved in measuring intervals and in assuming the paper speed 
to be constant during a recording were determined. The s.p. of intervals were 
corrected for these errors. The correction was quantitatively insignificant at 
mean intervals of 10 msec or more but then increased and became consider- 
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‘able at intervals less than 5 msec. In fact, these errors set a practical limit 
for the range of firing rates to be examined. ! . 
_ Experimental results. Our results are presented in Fig. 3, where the s.p. is 
plotted against the mean interval on a double logarithmic scale, and in Table 1. 
The results of the separate experiments were all plotted on the same graph 
without any individual scaling, the original values being used. A division into 
two groups of intervals was made, as shown in Table 1—those with intervals 
smaller than 160 msec and approximately symmetrical distribution curves 
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Fig. 3. Relation between mean interval in msec (absciesse) and 8:. in meee (ordinates) plotted 
on a double logarithmic scale, Each of the 590 points represents a pool of 20 intervals. 
A regression line, having a slope of 2-03, has been fitted to points with mean intervals less 
than 160 msec (for explanation see text), and the line, of slope 1-0, where the s.p. is equal to 
the mean, has been drawn for intervals greater than 160 msec. 


(469 values), and those with intervals greater than 160 msec and asym- 
metrical distribution curves (121 values) (see Fig. 2). This division according 
to the shape of the distribution of intervals about their mean will be justified 
on theoretical grounds in the discussion. 

In Fig. 3, to the group of intervals smaller than 160 msec, a regression 
line was fitted about which there is relatively little scatter. The slope of this 
line is 2 (2-03) which implies that the irregularity (s.p., msec) is proportional 
to the square of the mean interval (msec); also, as a natural consequence, the 
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irregularity expressed as imp/sec is approximately constant over this range, 
having @ mean value of 3-50 + 0-25 imp/sec for mean frequencies ranging from 
7 to 163 imp/sec. 7 


For asymmetrically distributed intervals the square relationship no longer 
holds, and with increasing intervals there is a tendency for the s.D. to approach 
and equal the mean, the slope in Fig. 3 approximating to unity; expressed 
as imp/sec the irregularity is no longer constant. 


TaBLE 1, Relation between mean and s.p. for intervals and frequencies. The table is divided into 
two parts, the upper representing 2420 intervals having asymmetrical distribution curves, 
the lower representing 9380 intervals having approximately symmetrical distribution curves. 

Mean interval (msec) was converted to mean frequency (imp/sec) by taking the reciprocal. 
Half the difference between the reciprocals of (mean interval plus s.p.) and (mean interval 
minus 8.D.) was taken as a measure of irregularity in terms of frequency. For simplicity, this 
quantity has been labelled ‘s.p. of frequency’ in the table, although this is not a strictly 
correct term. 

The over-all mean value of ‘s.p. of frequency’ is 3-00+ 0-23 imp/sec. The mean value for 
the lower group is 3-50+0-25 imp/sec. ; 


No. of | 
pools of Mean interval . Mean s.p. Mean freq. 
20 intervals (msec) (msec) (imp/sec) (imp/sec) 

1 1800 1510 0-6 14 

1 1320 906 08 . 1-0 
5 1120 800 0-9 13 
3 859 759 1-2 4-7 

x 687 470 1-5 2-9 
ll 564 298 1-8 13 
13 428 269 2-3 2-4 
15 356 203 2-8 2-4 
26 279 162 36 3-1 
12 227 ir 44 2-8 
26 175 75 5-7 30 
31 143 61 - 70 3-6 
28 107 37 9-4 3-7 
35 87 28 3-7 
33 70 19 14 4:3 
36 56 8-4 ‘18 * 28 
42 44 «55 23 2-9 
56 36 4-0 28 | 3-1 
26 28 1:8 35 2-3 
23 23 (12 44 2-4 
32 18 10 58 3-2 
51 14 0-62 70 3-1 
43 ll 0-38 89 3-1 
20 9-0 0-28 lll 3-5 
ll 0-28 139 55 

2 6-2 0-21 163 5-6 

DISCUSSION 


In order to evaluate the results the assumption is made that the rate of firing 
in a sensory axon from a frog’s muscle is directly proportional to the degree 
of depolarization of its endings, between the limits of threshold and maximal 
depolarization. This assumption is the simplest possible one and is suggested 
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by the experimental observations of Katz (19506, fig. 10). It can be expressed 

F=1/T=KE-E,) for (1) 

with the differential | 7 

dT /dE = —kT", (2) 
where F =impulse frequency (imp/sec), 7 =time interval between impulses 
(sec), k=constant, H=depolarization (mV), Z,,,,.=maximal depolarization 
possible, and =threshold depolarization. 

The hypothesis is that superimposed upon the steady level of depolarization 
there might be small fluctuations of fixed r.m.s. voltage due to thermal 
agitation of ions, or other causes in the nerve endings, these fluctuations 
being responsible for the irregularity in impulse initiation. In such a system 
when the axon is firing at very low frequencies with great irregularity, the 
depolarization level would be subthreshold and the initiation of impulses 
would be determined solely by random fluctuations momentarily rising to 
a value greater than threshold. Thus if depolarization were progressively 
reduced from just above threshold to below threshold, one would expect the 
initiation of an impulse to become more and more a matter of chance until 
finally it became purely random. The characteristic distribution curve for 
such a random sequence of intervals is an exponential one, for which the 
8.D. is equal to the mean (Feller, 1950; Fatt & Katz, 1952). In our experi- 
ments, for intervals longer than 160 msec, the distribution becomes more and 
more asymmetrical and the s.p. tends to equal the mean (Fig. 3). This fact 
provides the justification for dividing the observed values of intervals into 
two groups, the irregularity at low frequencies being explained as above. 

It was observed that as long as the distribution of intervals is approximately 
symmetrical, the s.D. varies directly with the square of the mean interval, 
and expressed reciprocally, in impulses per second, the s.p. remains approxi- 
mately constant (+imp/sec). The interpretation of this interesting result is 
not yet clear, but at first it appeared to support the idea that the observed 
fluctuations arise from a constant ‘noise voltage’ at the nerve ending. If 
there is a linear relation between the membrane potential and impulse 
frequency (eqn. 1) then a given small variation of potential AZ would produce 
@ constant variation of impulse frequency, independent of the mean discharge 
rate. (Expressed reciprocally in terms of intervals d7/dE would vary with 
the square of the interval (eqn. 2).) 

Hence it appeared that one has to look for a voltage fluctuation of constant 
T.m.8. value, and this could well be thermal agitation noise in the nerve 
endings. Suppose the maximum depolarization which can. be obtained is 
about 60 mV (cf. Hodgkin, 1951) and the corresponding maximum rate of 
discharge about 300 imp/sec (cf. Katz, 1950b) then, with direct propor- 
‘tionality, a variation of 3-5 imp/sec would correspond to a fluctuation of 
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membrane potential of about +0-7 mV. Fluctuations of this order of magni- 
tude due to thermal noise might occur at exceedingly fine nerve terminals 
(below 0-1 » diameter) (cf. Fatt & Katz, 1952). 

Unfortunately, the interpretation of our result is complicated by the 
following factors, which, at present, can only be stated in qualitative terms. 

During stretch the resistance and capacity of the terminal nerve membrane 
are bound to change. The changes would have little effect on the r.m.s. value 
of the noise voltage. Supposing, for instance, the capacity increases by 20° 
during a 20% stretch, this would reduce the voltage noise by only 10% over 
the whole range of our observations. Similarly, a hundredfold reduction of 
membrane resistance such as might conceivably occur during depolarization 
(cf. Hodgkin, 1951) will effectively alter the r.m.s. value of noise not more 
than 10% provided that the membrane capacity remains constant (cf. Fatt & 
Katz, 1952). But while the r.m.s. value of the fluctuations would hardly 
change, its frequency spectrum would alter very considerably and spread to 
a greater extent over the higher range of frequencies during the stretched 
(i.e. depolarized) condition. This might give rise to a loss of physiologically 
effective noise because very brief fluctuations of membrane potential probably 
have little effect. 

Secondly the effect which fluctuations of membrane potential have in 
accelerating or delaying the start of an impulse, cannot be assessed without 
knowing the ‘frequency’ as well as the r.m.s. amplitude of the fluctuations. 
As the frequency spectrum is likely to alter with stretch this must further 
affect the relation which we have studied. 

Hence the interpretation of the result shown in Fig. 3 and the constant 
frequency fluctuation shown in Table 1, can hardly be as simple as at first 
appeared, though they might possibly arise from a cancellation of the 
complicating factors which we have just summarized. 

During adaptation, the mean firing frequency decreases and the irregularity 
of discharge increases. It seemed possible, therefore, that adaptation might 
influence the irregularity in some specific manner. We could not find any 
such effect in several experiments where the frequency ranges of different 
recordings overlapped. The degree of adaptation, therefore, did not seem to — 
affect the amount of irregularity for a given mean frequency, within the time 
period of adaptation studied in the present experiments. 

The interpretation of the results is complicated by the presence of two 
variables whose significance cannot be assessed. Nevertheless, the result is 
clearly compatible with the possibility that the irregular disturbances in the 
initiation of afferent impulses have a constant source. One such source has 
earlier been suggested, viz. thermal agitation of ions at the finest nerve — 
(Fatt & Katz, 1950, 1952). 
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SUMMARY 


1. The irregularity in the discharge of impulses from a slowly adapting 
sense organ was investigated, using the muscle spindle of the frog. 

2. A statistical analysis was made of the intervals between successive 
impulses over a wide range of mean intervals, varying between 1800 and 
6-2 msec, at room temperature. 

3. At very low discharge rates, successive intervals show an approximately 
exponential distribution, with the coefficient of variation tending towards 
a limiting value of unity, which is characteristic of a random sequence. 

4. The fluctuation of the impulse frequency is found to be constant over 
a wide range, amounting to a standard deviation of 3-5 +0-25 imp/sec, for 
mean frequencies varying between 7 and 163 impulses per second. Further- 
more, the s.D. of the impulse interval is found to be proportional to the square 
of the mean over a range of mean intervals between 143 and 6-2 msec. 

5. The possible origin of the observed impulse fluctuation is discussed. 


We should like to acknowledge our indebtedness to Prof. B. Katz, who suggested the problem 
to us and provided constant encouragement, to Prof. H. Barcroft, and Prof. G. L. Brown for 
laboratory facilities, to Mr N. W. Please, Department of Statistics, and Mr D. A. Scholl, Depart- 
ment of Anatomy, University College, for valuable help with statistical and mathematical 
problems, and to Mrs I. Strém for technical assistance. 
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PIGMENT FORMATION FROM TRYPTAMINE AND 
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OF AMINE OXIDASE 
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Little information is at present available on the localization of amine oxidase 
in tissues. An attempt to devise a histochemical reaction for amine oxidase 
was made by Oster & Schlossman (1942); this was based on the reaction 
between Feulgen’s reagent and the aldehyde formed when amine oxidase acts 
on an amine, e.g. tyramine. This reaction has not been found satisfactory by 
other observers (e.g. Gomori, 1950; Pearse, 1953). 

Francis (1953) has recently reported that a reduction of neotetrazolium 
occurs in tissue slices incubated with tyramine, but as it is known that the 
amine oxidase system reduces tetrazolium compounds only very slowly 
(Blaschko, 19522), it is not yet certain if this reaction will be of use for the 
histochemical study of amine oxidase. 

The experiments described in this paper represent a different approach to 
the histochemistry of amine oxidase. They take their starting-point from the 
observation that in the enzymic oxidation of tryptamine a coloured compound 
is formed (Pugh & Quastel, 1937). It has recently been shown that a similar 
pigment formation occurs when 5-hydroxytryptamine (serotonin, enteramine) 
is oxidized by tissue preparations containing amine oxidase (Blaschko, 1952). 
The work of Pugh & Quastel suggested that the pigment was not the direct 
product of enzymic attack on tryptamine, an inhibition of pigment formation 
was observed in the presence of cyanide without a reduction in the rate of 
oxygen uptake. 

We have incubated sections of tissue with tryptamine and 5-hydroxy- 
tryptamine and studied the formation of pigment. We were interested in the 
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question whether a reaction of this kind could be used in the analysis of the” 
distribution of amine oxidase in the tissues, but we also wanted to know more 
about the conditions required for pigment formation as it is now known that 
tryptamine derivatives normally occur in the tissues. 


METHODS 


Animals (rate and guinea-pigs) were killed by a blow on the head and bled. The tissues were put 
into ice-cold 0-9% (w/v) sodium chloride and at once cut on the freezing microtome at 25, 
thickness. The sections were then incubated in 0-067Mm-sodium phosphate buffer of pH 7-4. In | 
most of our experiments tryptamine hydrochloride was used as substrate of amine oxidase ; 
unless otherwise stated, it was present in a concentration of 1 mg/ml. At the end of the incubation 
the sections were mounted on slides in Messrs G. T. Gurr’s Water Mounting Medium. 


RESULTS 
It is known that the mammalian liver is an organ rich in amine oxidase, and 
it is for this reason that liver was the first tissue to be examined. 

Sections of rat liver incubated in a solution of 0-007 M-tryptamine hydro- 
chloride in 0-067 m-sodium phosphate buffer, so on developed ayellow colour 
which gradually became more intense and finally brown. The colour was 
similar to that seen when liver homogenates were incubated with tryptamine 
in manometric experiments. When the sections were examined under the 
microscope it was found that a dark brown pigment had accumulated in the 
parenchyma cells. The intensity and localization of the pigment in the 
relatively thick sections used made a detailed cytological study difficult. 
Nevertheless, the rapid development of colour made liver sections useful 
material for establishing conditions suitable for the tryptamine reaction, and 
in the tests to be described sections of rat liver were used. 

In these tests, the intensity of the colour developed was estimated visually 
according to an arbitrary scale; five steps of intensity were distinguished. This 
relatively crude method of assessment was found adequate for the purpose of 
these tests. Amine oxidase is known to require a high partial pressure of 
oxygen for optimum activity; we have therefore studied the effect of oxygena- 
tion on the rate of pigment formation. Sections were incubated in weighing 
bottles of 20 ml. capacity; in one bottle the incubation with tryptamine was 
carried out in air, in the other oxygen was bubbled through during the 
incubation. No difference in the rate of development of colour was observed. 
This was confirmed in several experiments. In subsequent experiments we 
therefore incubated the sections in air. 

In another experiment sections of liver were incubated with tryptamine in 
an atmosphere of nitrogen, while control sections were similarly incubated in 
air. Very little colour appeared in the nitrogen-incubated sections, whereas 
the sections in air rapidly became brown. This suggests that the colour is 
formed in an oxidative reaction. 
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Incubation medium. The incubation was usually carried out in 0-067Mm- 
sodium phosphate buffer at pH 7-4. Phosphate and bicarbonate buffered 
Krebs-Ringer solution was also used, but neither the amount of pigment 
formed nor the rate of its formation was increased in these media. 

Effect of pH. Four weighing bottles were set up in which sections were 
incubated in 0-067 m-Serensen phosphate buffers of different pH values in the 
presence of 0-007 m-tryptamine hydrochloride. The result is shown in Text- 
fig. 1. The time interval of the initial appearance of the colour was not noticeably 
affected by pH, but the subsequent rate of development of colour was most 
rapid at pH 7-4. Pigment formation was least at pH 5-8. In all later experi- 
ments the pH of the medium was 7-4. 


pH 74 
i pH 62 
pH 58 
& © 105 120 135 %150 165 £180 
_ Time (min) 


Text-fig. 1, The effect of pH on pigment formation from tryptamine in sections of rat liver and in 
the presence of hydrogen peroxide. Abscissa: time in min. Ordinate: intensity of pigmenta- 
tion in arbitrary unite. 


Substrate concentration. Liver sections were incubated at 37°C in three 
flasks which contained 0-0025m-, 0-005m- and 0-01 M-tryptamine hydrochloride 
respectively. The sections were inspected every 15 min. In 0-005m- and in 
0-01 M-tryptamine colour development became noticeable after 45 min; at that 
time no colour had appeared in the lowest concentration of tryptamine. In 
this flask the development of the colour remained slightly lower than with the 
other two specimens in which no difference could be seen. In most of the 
subsequent experiments a tryptamine concentration of 0-007 M was used. No 
colour appeared in sections which were incubated in the absence of tryptamine. 

Temperature. When sections were incubated at 18 and 37° C respectively, 
the development of colour was somewhat slower at 18 than at 37° C. 

When sections of fresh rat liver tissue were immersed in boiling buffer 
solution for 5 min they lost the ability to form pigment when incubated with 
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tryptamine. This suggests that pigment formation took place in a reaction 
catalysed by an enzyme. 

Effect of hydrogen peroxide. Hydrogen peroxide speeded up the rate of 
production of the pigment. This is illustrated in the experiment shown in 
Text-fig. 2 in which rat liver sections were incubated in 5 ml. phosphate buffer 
containing tryptamine to which 0-35 ml. of hydrogen peroxide (20 vol.) had 
been added. It can be seen that in the presence of hydrogen peroxide the 
colour appeared very much more rapidly; throughout the period of observa- 
tion the sections in the presence of peroxide were more deeply coloured. 


al Tryptamine with 


5 3 46 6 7 9 105 120 135 150 165 180 
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- Text-fig. 2. The effect of hydrogen peroxide on pigment formation in rat liver sections. 

Abscissa and ordinate as in Fig. 1. 


Inhibitors of amine oxidase 

We have tested the effects of a few compounds known to inhibit amine 
oxidase. Urea in 3m concentration completely inhibits amine oxidase activity 
(Bhagvat, Blaschko & Richter, 1939); it also abolished the formation of 
pigment in incubated sections. A more specific inhibitor of amine oxidase is 
pentamidine; this was used in a 10-°m concentration in which enzymic 
activity in the manometric experiments is known to be greatly reduced. Two 
experiments were carried out: in the first some of the sections were incubated 
in 10-°m-pentamidine before they were transferred to the tryptamine solution ; 
in the second experiment the incubation medium contained both 10-°m- 
pentamidine and 0-007M-tryptamine. In both experiments the phosphate 
concentration was reduced to 0-0067M as in the 0-067m-phosphate buffer 
a precipitate occurred when pentamidine was added. In the second experi- 
ment no colour appeared during the incubation. In the first experiment 
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some pigment was found, but its initial appearance occurred much later 
than in control sections, not treated with pentamidine, and the intensity of 
the final coloration was much less. 

sec.-Octyl and n-octyl alcohol are inhibitors of amine oxidase, but they did 
not affect pigment formation. sec.-Octyl alcohol and n-octyl alcohol are not 
very soluble in water; 0-002 ml. of each were added to 10 ml. of incubation 
medium. This produced saturated aqueous solutions. No difference between 
the sections incubated with and without alcohol was noted. 

The observation by Pugh & Quastel that cyanide inhibits pigment formation 
without interfering with oxygen uptake suggested that the pigment was 
formed in a further reaction of the aldehyde arising from the enzymic oxida- 
tion of tryptamine. This interpretation is supported by the study of com- 
pounds known to react with aldehydes. Hydroxylamine hydrochloride (10-*m), 
sodium bisulphite (10-1m) and hydrazine sulphate (10-*m) abolished pigment 
formation. Semicarbazide hydrochloride (10-*m) considerably reduced pig- 
ment formation, but did not abolish it completely. 

These observations give support to the interpretation mentioned above that 
the coloured compound is a reaction product of the aldehyde produced in the 
deamination reaction. 

The strong accelerating action of hydrogen peroxide on the development of 
colour suggested the possibility that the secondary reaction in which the 
pigment appeared was brought about by catalase. We therefore incubated 
rat liver sections with tryptamine in the presence of 10-°m-sodium azide, 
a concentration in which the action of catalase is known to be strongly 
depressed (Blaschko, 1935); this concentration has no effect on amine oxidase 
activity. It did not affect the formation of pigment in liver sections. Similar 
results were obtained with even higher concentrations of azide, e.g. 10-* and 
10-*m. These observations make it unlikely that catalase is involved in the 
formation of pigment from tryptamine. 

Control experiments. That the colour formation depends on the action of an 
enzyme is supported by the absence of any colour development in boiled 
sections as already described. It finds further support in the observation that 
tryptamine did not form a coloured compound when incubated with hydrogen 
peroxide in the absence of tissue. We have incubated pL-tryptophan with sane’ 
slices; no colour was formed under these conditions. 


_ Properties of the pigment 
In the attempt to dehydrate the sections in order to clear and mount them, 
it was found that the pigment was rapidly dissolved in ethanol. Acetone, 
dioxane and n-butanol also acted as solvents. This made it impossible to use 
organic solvents for the dehydration of the sections, but it has made it possible 
to obtain information on some of the physical properties of the eluted pigment. 
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A characteristic bluish purple fluorescence was seen when solutions of the 
extracted pigment were examined under ultra-violet light. A similar fluore- 
scence had already been noticed when liver extracts were incubated with 
tryptamine under aerobic conditions. Chromatographic examination of extracts 
from rat liver sections incubated with tryptamine showed that there were at 
least two compounds present: one gave the characteristic fluorescence, but 
was almost colourless; the other was yellowish brown and did not fluoresce. 


Distribution of the tryptamine reaction in different tissues 


The rapid development of colour in liver tissue is in keeping with the 
abundance of amine oxidase in this organ. If the tryptamine reaction is 
a valid test for amine oxidase, it appears that the enzyme is localized in the 
hepatic parenchyma cells. 

Pigment formation would be expected to occur in those tissues which con- 
tain amine oxidase. A systematic survey of the tryptamine test in mam- 
malian tissues has not been made, but we have found the pigment formation 
to occur in a number of tissues in which amine oxidase is present, 

The kidney cortex has a high amine oxidase activity; the activity of the 
medulla is much lower. We have therefore incubated sections of kidney with 
tryptamine. Good staining was obtained in the sections of guinea-pig kidney, 
an organ rich in amine oxidase. The appearance of such a section incubated 
in tryptamine for 1 hr is shown in Pl. 1. The cortex shows much heavier 
deposition of pigment than the medulla, in which only little pigmentation is 
apparent. On closer inspection it can be seen that in the cortex staining is not 
uniform: it is absent from the glomeruli (P]. 2A), in the tubules pigmentation 
is most inténse in the proximal convoluted tubules. These details are seen in 
Pl. 2. If the proximal tubules are traced down into the medulla, it can be 
seen that the epithelium is pigmented, even in the straight segments. 

From manometric experiments the rat kidney is known to be poor in amine 
oxidase. This finds its parallel in the poor staining seen when rat kidney 
sections were incubated with tryptamine. 


Very little amine oxidase activity has been found in muscle by the use of 


the manometric method. We have only examined the diaphragm of the guinea- 
pig, and it is of interest that a small but definite development of colour 
occurred when sections of this tissue were incubated with tryptamine in the 
presence as well as in the absence of hydrogen peroxide. Colour was seen in 
the muscle on the surface of the fibres only; this could be seen on fibres that 
had been cut transversely. In these fibres only the area just beneath the 
sarcolemma had stained. 

Observations on the occurrence of a positive tryptamine test in sweat and 


sebaceous glands and other parts of the skin will be fully described elsewhere 
(Hellmann, to be published). 
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tes 5-Hydroxytryptamine (serotonin) 

When sections of guinea-pig liver were incubated in a sodium phosphate 
buffer containing 5 mg of 5-hydroxytryptamine creatinine sulphate (serotonin) 
(Abbott) in 10 ml., a development of colour occurred. This was similar to that 
observed with tryptamine, but the colour appeared to be somewhat lighter. 
When sections were incubated with serotonin, the fluid acquired a yellowish 
brown colour; this had not been seen in incubations with tryptamine. No 
colour developed in solutions of serotonin which were allowed to stand without 
tissue for the same length of time under the same conditions. This observation 
suggests that the coloured product formed from serotonin is more readily 
soluble in water than the corresponding substance formed from tryptamine. 

Sections of guinea-pig kidney and rat brain were also incubated with 
serotonin; in both tissues a yellow colour developed. In the kidney, the 
distribution of pigment was similar to that seen with added tryptamine. 


DISCUSSION 


The observations reported show that the colour reactions with tryptamine or 
serotonin depend upon the amine oxidase activity of the tissues. At present, 
we cannot say if a strict correlation exists between enzymic activity and colour 
development. 

Liver and kidney, known to be rich in amine oxidase, showed the colour — 
reaction strongly; moreover, in kidney the reaction was intense in the cortex 
and feeble in the medulla. This is also in agreement with the known distri- 
bution of the enzyme. The finding of a positive reaction with tryptamine in 
guinea-pig diaphragm is of interest in this connexion, as only .a* very small 
amount of amine oxidase has been reported in guinea-pig muscle (Bhagvat e¢ al. 
1939). The localization of the colour in the superficial part of the muscle fibre 
makes it possible that the pigment formation is connected with an enzyme 
present in nerve fibres or blood vessels. 

The tryptamine test leads to formation of a compound which, being 
insoluble in water, is advantageous for histochemical analysis. On the other 
hand, our failure to find a tissue fixative in which the enzymic activity is 
retained, made a cytological study of the reaction difficult. Another difficulty 
is the solubility of the pigment in organic solvents which prevented their use 
as dehydrating and clearing agents. | 

The chemical nature of the pigment formed is unknown as is the mechanism 
of its formation. If we assume that f-indolylacetaldehyde is the first product 
of the enzymic oxidation of tryptamine, it seems likely that the coloured 
compound is a further reaction product of the aldehyde. It is possible that 
in the second reaction, not catalysed by amine oxidase, another enzyme is 
involved, but this is uncertain. The observation that hydrogen peroxide 
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speeded up the appearance of the colour suggested the possibility that catalase, 
a ubiquitous catalyst in mammalian tissues, was involved, but this is not 
likely as sodium azide, a strong inhibitor of catalase, neither prevented nor 
slowed down the appearance of pigment. 

That tryptophan may be connected with pigment formation in the body 
has often been discussed. It seems of interest, therefore, that 5-hydroxy- 
tryptamine, a metabolite of tryptophan found in the organism, is converted 
to a coloured product under the influence of an enzyme widely distributed in 
mammalian tissues. We must therefore consider the possibility that this 
reaction may not only occur in vitro. According to Erspamer & Asero (1952), 
5-hydroxytryptamine is present in the enterochromoffine cells of the ali- 
mentary tract. These cells are also called ‘ yellow’ cells because, even unstained, 
they contain pigment. Amine oxidase is present in high concentration in the 
gastro-intestinal mucosa; thus, both substrate and catalyst of the enzymic 
reaction here described occur in this tissue. 


SUMMARY 


1. Tissues containing amine oxidase develop a brown colour when incubated 
with tryptamine or 5-hydroxytryptamine; this pigment formation has been 
studied in fresh frozen sections. 

2. Liver gives a strong pigment formation under these conditions. 

3. In sections of kidney the cortex is more heavily stained than the 
medulla; pigment deposition is most intense in the proximal convoluted 
tubules. 

4. Pigment formation has also been seen in some other tissues (rat brain; 
guinea-pig diaphragm). 

5. The development of pigment is speeded up in the presence of hydrogen 
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EXPLANATION OF PLATES 
Prats | 
Radial section of guinea-pig kidney incubated with tryptamine. x 25. 


Prats 2 


A. Radial section of guinea-pig kidney cortex incubated with tryptamine. x 125. Two adjacent 
can be seen at the centre of the bottom edge of the section. They are unstained. 

B. Guinea-pig kidney cortex section incubated with tryptamine. x 400. The proximal tubules 
stained intensely, whereas the distal tubules gave only a weak reaction. 
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For more than two decades there has been an intensive investigation of the 
effects produced on a motoneurone by an impulse that propagates anti- 
dromically up its motor axon. A fairly comprehensive reference to these 
investigations was made in two recent publications (Barakan, Downman & 
Eccles, 1949; Brooks, Downman & Eccles, 1950), and since then a further 
intensive study has been reported by Lloyd (195la, 6). Despite all this 
investigation there has been a failure to reach general agreement on the many 
fundamental issues listed below: 

(i) Lorente de Né (1947) concluded that the spike potential of the soma or 
cell body was briefer than that of the axon, while Barakan ef al. (1949) and 
Eccles (1950) concluded that it was considerably longer. It will appear that 
Lloyd (19514) also supports this latter conclusion, for it will be argued below 
that his deflexion ‘d’ in part arises in the soma. 

(ii) Renshaw (1942) and Lorente de Né (1947) concluded that the propaga- 
tion of an antidromic impulse was usually blocked in its propagation over the 
dendrites and not at the axon-soma junction, whereas Lloyd (1943), Barakan 
et al. (1949) and Eccles (1950) concluded that this junction was the usual site 
of blockage, and, having traversed this region, an antidromic impulse was not 
usually blocked until it reached the dendritic terminals. Barakan et al. (1949) 
have further reported that there is an axon-soma delay of 0-1-0-3 msec due 
to the very slow antidromic propagation at the axon-soma junction. However, 
recently Lloyd (1951 a) has proposed a compromise in that axon-soma blockage 
is not explicitly denied, but emphasis is laid on blockage during conduction 
along the dendrites. 

(iii) Eccles & Pritchard (1937), Gasser (1939) and Brooks ef al. (1950) 
reported that, when invaded by an antidromic volley, motoneurones developed 
a much larger positive after-potential than axons, the motoneurones as a 
consequence being relatively positive to their axons (in the external circuit) 
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for 100 msec or more. In partial contradistinction Lloyd (19516) has con- 
cluded that after about 45 msec the axonal positive after-potential was larger 
than that of the soma, so that there was a reversal of current flow in the 
external circuit. This conclusion led to the development of explanations for 
the excitability cycles of the axons and somas of invaded motoneurones, and 
also of the adjacent motoneurones whose axons had not been stimulated 
(cf. Renshaw, 1942). 

(iv) Brooks et al. (1950) reported that, a few milliseconds after antidromic 
activation of a motoneurone pool, some at least of those motoneurones were 
more excitable than at the depth of depression about 10 msec later; this was 
confirmed by Lloyd (19514). In part at least this effect was attributed to 
a brief waning phase of supernormal excitability in motoneurones which had 
been partly depolarized by antidromic impulses that had been blocked at their 
axon-soma junctions. But the effect was also in part attributed to a negative 
after-potential of the invaded motoneurones, On the other hand, Lloyd (19516) 
rejected both these explanations in favour of a postulated outward flow of 
current from the soma to the axon which was shown to be in a state of 
negative after-potential, at least in the extramedullary segment. 

Such differences in the description of events occurring during antidromic 
invasion of a motoneurone undoubtedly arise because of the difficulty in 
interpreting the complex potential fields that are generated at all stages of the 
invasion and subsequently. The antidromic volley would be propagating into 
thousands of motoneurones with their densely interlacing dendrites, but the 
potential picked up by an extracellular micro-electrode would be predominantly 
generated by the few adjacent neurones (cf. Barakan et al. 1949; Eccles, 1950). 
In contrast, an intracellular electrode will record the potentials generated by 
one motoneurone to the virtual exclusion of all others (Brock, Coombs & 
Eccles, 1951, 19524). By systematic study of the responses of some sixty 
motoneurones under a wide variety of experimental procedures, it has been 
possible to give a detailed description of the events occurring during anti- 
dromic invasion of a motoneurone, and thus incidentally to produce evidence 
relating to most of the above controversial issues. In addition, the electrical 
potentials generated by repetitive antidromic activation have been studied. 
The properties of the motoneurone, as determined in this investigation, will 
form a basis for the explanation of synaptic excitatory and inhibitory actions 
in subsequent papers. Brief preliminary accounts have already been published 
(Brock, Coombs & Eccles, 1953; Eccles, 1953). 

Cats were used, as has been fully described in a recent paper (Brock ef al. 1952a), which 
also gives a description of the spike potential set up by antidromic invasion of a motoneurone 
(cf. also Brock et al. 1951). The rather complex geometrical conditions encountered by an anti- 
dromic impulse make it expedient to preface the experimental results by brief accounts of the 
anatomical pathway traversed by an antidromic impulse and of an hypothesis which purports to 
give the simplest explanations of the antidromic invasion of a motoneurone. 
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THE ANATOMY OF THE ANTIDROMIC PATH 


As traced upwards from the motor nerve, a motor axon runs with an approximately uniform 
diameter and with approximately uniform conditions of myelination until, as a fibre of the ventral 
root, it has entered the spinal cord, passed through the white matter and penetrated some distance 
within the grey matter of the ventral horn (Fig. 1 A; Cajal, 1909). There is then a sudden loss of 
the myelin sheath and the non-medullated segment of the axon extends usually for 50-100 y 
before expanding to join the soma of a motoneurone in the conically expanded axon hillock 
(Fig. 1B). Much of the non-medullated segment is very constricted, giving the so-called ‘thin 
segment’ (cf. Fig. 1 A; Brock ef al. 19524). Since it may be assumed that the antidromic impulse 
traverses the surface of the neurone, its subsequent course will be from the axon hillock over the 
surface of the soma and thence up the dendrites and along their numerous branches to their 


Fig. 1. Drawings showing pathway of antidromic impulse invading motoneurone. A: transverse 
section of spinal cord showing typical path of axon to motoneurone in the biceps-semi- 
tendinosus nucleus, and the nodes of Ranvier, R (shown in exaggerated form) that occur in 
its medullated segment, which is shown penetrating the grey matter and ending within 
100» of the axon-soma junction. Note also micro-electrode in position. B: tracing from 
a photomicrograph of an actual motoneurone (cf. Brock e¢ al. 1952a, fig. 1 A), which shows 
in particular the beginning of the medullated segment, M (shown stippled) the non-medullated 
segment, N M, with the thin segment and the axon hillock. 


PRELIMINARY HYPOTHESIS OF ANTIDROMIC INVASION 
The simplest assumption is that the propagation of the antidromic impulse 
occurs by the well-established local-current mechanism (cf. Lorente de Né, 
1947; Brooks & Eccles, 1948; Barakan et al. 1949). As a consequence special 
features are introduced where the axon loses its myelin sheath and where there 
is a large increase in the surface area of the membrane being invaded by the 
impulse. In the former situation the safety factor for propagation would be 
expected to be low because there would be a large increase in the area of 
membrane that was being depolarized by the inward sodium current through 
28-2 
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the adjacent active nodes (Huxley & Stampfli, 1951). In the latter situation 
an expansion of the surface area, as for example at the axon-soma junction, 
would likewise lower the safety-factor for a similar reason. This expansion 
would also be an important factor in propagation along the profusely branching 
dendrites. Apart from such geometrical factors, it is assumed in this pre- 
liminary hypothesis that the surface membrane is otherwise the same over the 
whole neurone; for example, that uniformity prevails for the capacity, ionic 
conductance, resting potential and the critical depolarization at which a self- 
regenerative depolarization is initiated. 

Thus, on the basis solely of the geometrical features of the system, it would 
be expected that antidromic impulses encounter three zones of specially 
difficult propagation: at the medullated—non-medullated junction; at the 
axon-soma junction; and at the profusely branching dendritic terminals. It 
would be predicted that antidromic propagation would be momentarily delayed 
or slowed at these regions, or even blocked. Furthermore, it would be pre- 


dicted that propagation through these difficult zones would be aided by 


depolarization of the region beyond and impeded by its hyperpolarization. 


RESULTS 
I. The action-potential of the non-medullated axon 
When an antidromic impulse has invaded a motoneurone, setting up the 
characteristic spike action potential (Brock et al. 1951, 1952a), there has 
invariably been a brief step or double inflexion on the rising phase of the spike 
at a voltage of about 30-40% of the spike potential. Fig. 2 shows a series of 
such spike action potentials for different motoneurones in which the delay on 


A i B 
Fig. 2. Intracellular records of potentials generated by a single antidromic impulse in four 
different motoneurones, As shown by millisecond scale, records A, B and C have a much 


faster time scale than record D. The time line approximately signals the resting potential in 
A and B, which was 64 and 76 mV respectively. 


the rising phase varied from about 0-05 msec in record A to 0-3 msec in 
record D. This delay is approximately measured as the forward advance of the 
second phase which is necessary to eliminate the inflexion. In the experiment 
that gave the longest delay (Fig. 2D), the neuronal spike often failed to develop 
(in eight of the nineteen responses that were photographed), and there was 
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consequently merely a simple brief spike with a voltage of about 40% of the 
neuronal spike (Fig. 3A). Finally, with many motoneurones an antidromic 
impulse always set up a simple brief spike of relatively low voltage which had 
no sign of a double inflexion on the rising phase (Figs. 3B, C). 

These simple spike potentials were invariably set up by an antidromic impulse 
a few milliseconds after a conditioning antidromic impulse (see § IIb, p. 437), 
while at longer intervals the full neuronal spike was observed, though with 


Fig. 3. Intracellular action potentials evoked by single antidromic impulses as in Fig. 2. A: three 
responses at intervals of a few seconds to illustrate the small simple spikes and the double 
spike in the same neurone; time, msec. B: shows, with another motoneurone, the same small 
spike (27 mV) recorded at low and high amplification; time, msec. C: three records of the 
same small simple spike (about 35 mV) the first being at a much faster time scale, 1 msec, 
than the other two (cf. lower scale, 10 msec), and the last at ten times the amplification of 
the first two. D: same neurone as C, but for two stimuli applied at progressively longer 
intervals; time scale in milliseconds. 


a lengthening of the delay in the rising phase (cf. Fig. 5A). On the other hand, 
conditioning by a preceding volley has failed to reveal any double inflexion on 
the rising phase of the small simple spikes illustrated in Figs. 3 and 12 
(cf. Fig. 3D). 

The small simple spikes have also differed from the fully developed neuronal 
spike in that they had a much smaller positive after-potential. In Fig. 3C the 
positive after-potential is seen to decline after reaching its maximum at about 
10 msec. The full time course is seen in Fig. 12, and is particularly evident for 
the larger after-potentials that follow the repetitive simple spikes. The 
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invariable value of less than 1-0% of the small spike potential contrasts with 
values from 3 to 10% (mean 4-5 %) for the positive after-potential that follows 
the large spike (Brock et al. 1952a). On the other hand, a considerable after- 
negativity was usually present. As a consequence (cf. Fig. 3 A and B, but not () 
the end of the spike has been hard to define because it has merged into an 
after-negativity that has slowly decayed over several milliseconds (ef. § 11(2), 
p. 443). 

Discussion. In view of the antidromic transmission properties expected for 
a motoneurone, the above experimental evidence immediately suggests that 
the small simple spike is set up by an antidromic impulse that has traversed 
the non-medullated segment of the axon, but has failed to invade the soma and 
dendrites. An impulse in this segment would be expected to give a simple brief 
spike of all-or-nothing character and with the small positive after-potential 
that is characteristic of the mammalian axon (Gasser & Grundfest, 1936). The 
double inflexion between this initial spike and the main antidromic spike 
would then be attributable to a delay of 0-05-0-3 msec between the arrival of 
the axonal spike at the axon-soma junction and the initiation of the soma 
spike (as postulated by Barakan et al. 1949). However, it may seem improbable 
that a micro-electrode in a neurone would record such a large spike (30-40 mV) 
from its relatively small axonal process. It is thus necessary to consider in 
detail the propagation of an antidromic impulse and the manner in which 
intracellularly recorded potentials arise. 

As an antidromic impulse passes up the axon hillock, it would be confronted 
by a very rapid expansion of the membrane to be invaded (cf. Fig. 1B); hence 
there would be a grave lowering of the safety factor for propagation, which 
would be expected to be at a minimum somewhere about a region marked ‘ X’ 
in Fig. 4A. That is, once an antidromic impulse passed ‘X’ it would rapidly 
invade the rest of the soma and dendrites, but on the other hand it could be 
extinguished before passing ‘X’, and hence give, as postulated, the small 
simple spike. As shown in Fig. 4A, when an antidromic impulse is propagating 
up to the axon hillock, there will be a current from the soma—dendritic 
membrane into the region of intense inward current across the activated 
membrane of the axon hillock and non-medullated axon. This current will tend 
rapidly to depolarize the soma—dendritic membrane. However, the magnitude 
of this depolarization will be less than the simultaneously recorded intra- 
cellular potential by the voltage drop that occurs along the line of current flow 
from the intracellular electrode outwards across the soma—dendritic membrane 
to the equipotential surface at earth potential (cf. Fig. 4A). The external 
component of this voltage is no more than about 2mV when it is recorded by 
a micro-electrode that is inserted to a position just short of penetrating the 
motoneurone. The internal component is at present indeterminate, but, on 
account of the relatively restricted internal current pathways, it is probably 
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considerably larger than the external component. Nevertheless, the actual 
depolarization of the soma-—dendritic membrane would be about 30 mV when 
the small spike potential is at its usual value of 30-40 mV, which is just 
critical for generating the soma~dendritic spike (cf. Figs. 2, 3A, 5A, 8 and 9). 
In particular, a very large depolarization would be expected for those parts of 
the soma membrane close to the region (Fig. 4A) at which the antidromic 
impulse is blocked. 

There is thus convincing evidence that a depolarization of about 30 mV is 
just critical for the generation of an impulse by antidromic invasion of a soma 
membrane. This value is much greater than the critical level (about 10 mV) at 


Fig. 4. A: drawing of motoneurone showing postulated lines of current flow during the rising 
phase of the small simple spike. The isopotential line at earth potential is drawn orthogonally 
and marked O. B: asin A, but during the falling phase of the small simple spike. The rapid 
repolarization of the active membrane causes it to act as a source in the external circuit, so 
aiding in repolarization of the soma—dendritic membrane. 


which a post-synaptic potential causes the generation of an impulse (Brock 
et al, 19524; Eccles, 1952, 1953). The discrepancy may be explained by taking 
account of the subsequent events in the two situations. 


During the recovery phase of the antidromic impulse in the axon and axon hillock there will be 
a rapid repolarization due to the intense outward potassium current (Hodgkin & Huxley, 1952a, d). 
As a consequence this region carrying the intense outward current will rapidly become more 
polarized than the soma-—dendritic membrane, and the direction of current flow will reverse as 
shown in Fig. 4B. Thus, on cessation of the initial depolarizing current, the soma-—dendritic 
membrane will be repolarized by the conjoint effects of two currents; the extrinsic current from 
the axon and axon hillock; the intrinsic current of the membrane due largely to the unbalanced 
flux of potassium and chloride ions. With small depolarizations this latter current would repolarize 
the membrane capacity with a time course approximately given by the resting time constant of 
the membrane, which has been indirectly measured as 4 msec to repolarize to 1/e of the initial 
value (Brock, Coombs & Eccles, 19526; Eccles, 1952, 1953). For example, with all sizes of post- 
synaptic potentials, ic. up to 10 mV or even more, the membrane repolarization occurs with 
a time constant of about 4 msec and is satisfactorily attributable to the unbalanced resting ionic 
flux. However, with the small spike the depolarization presumably will be sufficiently large to 
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cause a substantial increase in potassium permeability (Hodgkin & Huxley, 1952a) and hence the 
time constant of repolarization due to the intrinsic current will be considerably less than 4 msec. 
In part, this intrinsic current will account for the decline of the small spike, particularly in the 
later stages where the time constant is as long as 3 msec (Fig. 3A, B). However, it is suggested 
that the early rapid decline of the small spike would be largely attributable to the extrinsic current 
flow. In contrast there is no evidence that an extrinsic repolarizing current occurs during the 
post-synaptic potential. 

The extrinsic repolarizing current provides an explanation of the large discrepancy between 
the membrane depolarizations at which a soma-dendritic spike is generated by orthodromic 
and antidromic activation respectively. In the absence of extrinsic repolarizing current the 
critical depolarization is about 10 mV, which may be regarded as a reliable value for the membrane 
depolarization at which a self-regenerating sodium carrier activity is initiated, i.e. the threshold 
for an impulse. It has been shown by Hodgkin & Huxley (19525) that in the squid giant axon the 
sudden application of a repolarizing current by a voltage clamp very effectively and quickly 
quenches any sodium-carrier activity that may have developed in response to a depolarization. 
If the extrinsic repolarizing current exerts this quenching effect on the soma—dendritic membrane, 
the much larger depolarization (about 30 mV—a threefold increase) necessary for generating an 
impulse antidromically may be accounted for. Presumably the soma—dendritic depolarization is 
not all attributable to the flow of extrinsic currents into the activated membrane of the axon and 
axon hillock (Fig. 4A), for after a certain level of depolarization it would be expected that the 
increased sodium conductance of the soma-dendritic membrane would cause a significant 
contribution from an intrinsic current, i.e. there would be a local response of the membrane 
(cf. §I1b (2); Hodgkin & Huxley, 1952a, d). 


The attribution of the small simple spike to the antidromic invasion of the 
non-medullated axon plus axon hillock, and the large ‘neuronal’ spike to the 
antidromic invasion of the soma and dendrites, has been supported by much 
evidence to be presented in this and subsequent papers (Brock et al. 19525). 
It is therefore proposed henceforth to designate the small simple spike ‘the NM 
spike’ (non-medullated spike), and the large spike ‘the SD spike’ (soma- 
dendritic spike). The delay in the transition between these two spikes would 
give an approximate measure of the axon-soma delay. Although the NM spike 
would be generated primarily by the response of the non-medullated axon and 
axon hillock, it is important to remember that it is recorded from the soma 
region, and therefore registers potentials produced secondarily in the soma- 
dendritic membrane. Consequently, the NM spike gives not only a diminished 
(from say 100 to 40 mV) but also a distorted record of the spike actually 
occurring in the non-medullated segment. This distortion is particularly 
evident in the prolonged after-negativity following many NM spikes 
(Fig. 3A-B), an effect attributable to the residual depolarization of the soma- 
dendritic membrane which decays along a time course largely determined by 
the time constant of this membrane in the resting state. As illustrated in 
Fig. 3C some NM spikes show little trace of this delayed decline, which may 
be explained by the micro-electrode being located close to the axon hillock and 
hence recording relatively undistorted NM spikes. Another type of distortion 
would be produced by any local response that may occur in the soma—dendritic 
membrane (Fig. 3 A). 
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II. Action potentials generated by a second antidromic impulse 

(a) After an NM spike 

Fig. 3D shows a typical series of responses with progressively increasing 
stimulus interval. With intervals less than 0-82 msec the second stimulus was 
ineffective. Beyond this interval it evoked a second NM spike which was 
subnormal in size, but full recovery of size had almost occurred at the longest 
interval in Fig. 3D. At the shortest stimulus intervals there was a lengthened 
latent period for the NM spike, so that the least-response-interval was 
1-0 msec. The least-stimulus-intervals and response-intervals have been about 
0-8-1-0 msec and 0-9-1-2 msec respectively in those experiments where the 
second stimulus has been sufficiently strong to excite immediately at the end 
of the absolutely refractory period. , 

With a few motoneurones the N M spike itself recovered in two stages, being 
reduced to less than half at very short stimulus intervals and then with slight 
lengthening of the interval showing a sharp transition almost to full size. 
Probably motoneurones giving such fractional NM spikes have some geo- 
metrical feature in the expansion from the constricted segment to the axon 
hillock which gives a zone of low safety factor for antidromic transmission. 


(b) After an NM plus an SD spike 

Fig. 5A shows a typical series of action potentials generated by two anti- 
dromic impulses at progressively increasing intervals. With stimulus intervals 
of 1-25 and 1-35 msec (records 1 and 2) the second volley set up a very small 
spike response immediately after the end of the first SD spike. With lengthening 
of the stimulus interval to 1-5 msec (record 3) a typical NM spike appeared, — 
and finally a stimulus interval of 3-8-4-3 msec (records 8 and 9) was just 
critical for the generation of an SD spike by the second antidromic volley. For 
example, comparison of record 7 with record 8 indicates that in the latter 


_ a small abortive SD spike was superimposed upon the NM spike, while in 


record 9 the SD spike was developed after a very long axon-soma delay 
(about 0-4 msec). A full explanation of experimental series such as those of 
Fig. 5A and B can be attempted only after the systematic investigations 
described below. 

(1) Stimulus intervals too brief for NM spikes. As the stimulus interval was 
shortened, there was always a very sharp transition at a critical interval 
(about 1-45 msec in this experiment) from the NM spike to a very small spike 
that was often barely detectable (cf. Fig. 5A). A more precise determination 
of the least-stimulus-interval for evoking an NM spike is shown in Fig. 6A, 
where the second stimulus was at least ten times threshold so that it would 
excite the motor axon at the very beginning of its relatively refractory period. 
NM spikes were set up with stimulus intervals of 1-10 and 1-13 msec, but not 
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at 1:07 msec. However, the latent period of the N M spike was lengthened with 
such short stimulus intervals, so that the least-response-interval (measured 
between the onsets of the first and second N M spikes) was 1-25 msec in Fig. 6 A. 
Accurate measurements of the least NM response intervals in three other 
experiments gave values of 1-23, 1-37 and 1-45 msec. 

The shortest stimulus interval at which a second NM spike was set up, 
1-10 msec, is much longer than the absolutely refractory period of mammalian 


Fig. 5. A: action potentials recorded as in Fig. 2, but set up by double stimulation of the ventral 
root (two antidromic stimuli) at various time intervals. Time in milliseconds on the reference 


potential line for zero membrane potential. Resting potential, 72 mV. B: as in A, but in 
another experiment, the last record showing the control response to the second impulse alone. 


A axons, which is usually as brief as 0-5 msec when assessed by the least- 
stimulus-interval (Gasser & Grundfest, 1936). This discrepancy is not attribut- 
able to an inadequate strength of the testing stimulus, or to subnormal 
temperature of the stimulated ventral roots (cf. Method, Brock e¢ al. 1952a). 
Thus it would seem probable that, at intervals shorter than 1-10 msec, the 
second stimulus had set up a second impulse in the motor axon in the ventral 
root, but that propagation into the non-medullated segment had been blocked. 
The very small spikes at the shortest stimulus intervals in Fig. 5A might be 
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attributable to such blocked impulses in the medullated segment of the axon. 
This suggestion has been tested in three experiments by application of a third 
stimulus to the ventral root. The theoretical basis of this test is that, if the 
second stimulus had set up an impulse in the medullated axon, then that axon 
would be made refractory to a third testing stimulus applied shortly thereafter. 


In Fig. 7A the stimulus intervals were A,—1-15 mseco—A,—0-6 mseo—A, for the three anti- 
dromic stimuli. At the A,-A, interval of 1-75 msec, A, always set up an NM spike when no A, 
stimulus was interpolated (records 3 and 4). When A, was interpolated, it always prevented this 
_ response (records 1 and 2). Thus it can be concluded that, at an A,—A, interval of 1-15 msec, A, had 


Fig. 6. A: action potentials set up by two antidromic stimuli and recorded as in Fig. 5A, but in 
another experiment. Time in milliseconds on the reference potential line for zero membrane 


potential. Resting potential, 66 mV. B: As in A, but for three antidromic stimuli in records 2 
and 3, record 1 being for the first and third stimuli only. 


set up an impulse in the motor axon and so had made it unresponsive to the A, stimulus. The 
least interval at which the A, stimulus set up an N M spike was considerably longer in this experi- 
ment, 1-25 msec. Similarly it was shown in this experiment that the A, stimulus set up an impulse 
in the motor axon at intervals as short as 1-0 msec. 

Still shorter A,—A, intervals were tested in two other experiments. For example, in the two 
upper records of Fig. 7B, the A, stimulus prevented the response to A,, which was regularly 
observed for A,—A, alone at that stimulus interval (1-17 msec, cf. record 4). However, the A, 
stimulus no longer prevented the response to A, when the A,—A, interval was shortened from 
0-62 msec (record 2) to 0-55 msec (record 3). The A,—A, interval of 0-62 msec was critical in this 
respect, for, as shown in record 5, an A, stimulus at this interval failed to prevent a response to 
A, a few seconds later. The A,—A, interval had meanwhile been slightly lengthened to 1-24 msec, 
but this change should be immaterial. It may be concluded that at 0-55 msec after A, the motor 
axon was still absolutely refractory, while at 0-62 msec it had just recovered therefrom, being 
excited in one of the two tests. In this experiment a second antidromic stimulus failed to set up 
an NM spike until the A,—A, stimulus interval was lengthened to 1-10 msec (Fig. 6A). 

A further control is shown in Fig. 7C where, with an A,A, interval of 0-34 msec, there was no 
change in the least interval at which the NM spike was evoked by a later testing (A,) stimulus, 
A, being effective at A,—1-13 msec—A, (record 2) and longer intervals and ineffective at 
A,—1-09 msec—A, (record 1), which agrees closely for the A,A, series of Fig. 6A for this same 
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motoneurone. Moreover, the least-response intervals are identical, 1-25 msec. Thus when the 
interpolated antidromic stimulus occurs before the end of the absolutely refractory period, it has 
no influence on the least interval at which an NM response is evoked by a later testing volley, 
i.e. a brief stimulus applied during the absolutely refractory period does not delay the recovery 
time as tested by a stimulus applied through these same electrodes. 


It may be concluded that in Fig. 7B for intervals from 0-62-1-10 msec, the 
second stimulus had set up an impulse in the motor axon, which, however, 
had failed to invade the non-medullated axon. Presumably blockage had 


Fig. 7. Action potentials recorded as in Fig. 6 and evoked by two or three antidromic stimuli as 
described in text. A: in a different experiment from Fig. 6, resting potential, 60 mV. B and C: 
same motoneurone as Fig. 6, resting potential, 66mV. B: further description in text. 
C resembles Fig. 6A except that in all records an antidromic stimulus is interposed at 
0-34 msec after the first antidromic stimulus (see text). 


occurred at the transition from the medullated to the non-medullated axon. 
The small spikes set up by the A, stimulus in the first two records of Fig. 5A 
would therefore be attributable to impulses in the medullated axon, which 
would be expected to give just such small spike-like potentials by electrotonic 
spread to the soma. Such spikes produced by the medullated segment of the 
axon will be called ‘ M’ spikes. They will be further discussed when interpreting 
the potentials generated by an antidromic tetanus (cf. Figs. 13-15). 

Thus after an SD spike the propagation from medullated to non-medullated 
axon breaks down for stimulus-intervals shorter than approximately twice the 
duration of the absolutely refractory period of the medullated axon. Even 
after an initial NM spike the least-stimulus-interval (0-8-1-0 msec.) was still 
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surprisingly long. Possibly the non-medullated axon has a longer absolutely 
refractory period, a suggestion which is supported by the relatively long 
duration of the NM spike (about 0-6-1-0 msec). In general the absolutely 
refractory period of nerve has usually terminated at the end of the spike 
(cf. Gasser & Grundfest, 1936; Grundfest, 1940); hence it would seem that an 
impulse in the medullated axon cannot propagate into the non-medullated 
axon even when this is in an early stage of its relatively refractory period. It 
would appear that propagation from the medullated to the non-medullated 
segment is associated with a low factor of safety, an effect which has been 
predicted above on theoretical grounds. Thus it would be expected that the 
critical depolarization of the first part of the non-medullated segment would 
take some time to be achieved, i.e. that there would normally be a brief delay 
in conduction. Furthermore, conduction would actually fail to occur when the 
relative refractoriness of the non-medullated and medullated segments, 
respectively, had not only raised the critical level of depolarization for trans- 
mission from the medullated to the non-medullated fibre, but also had 
diminished the inward current at the active nodes of the medullated segment 
(cf. Hodgkin & Huxley, 1952c, d). Evidence for an increased latent period of 
any early second NM spike has already been presented (cf. Figs. 3D and 6A), 
an effect which presumably is largely attributable to an increased delay at the 
transitional region, though of course additional factors would be increased 
latency at the site of stimulation and slowed conduction velocity. 

(2) Stimulus intervals giving NM spikes. The critical interval at which the 
second antidromic impulse set up an SD spike has varied widely in the ten 
motoneurones in which it was determined. In the motoneurones of Fig. 5A it 
was 3-8—4-55 msec (cf. Fig. 9A). Critical intervals have been observed as brief 
as 2:5 msec and as long as 50 msec (cf. Fig. 9B). The critical interval has 
been longer the longer the axon-soma delay for a single volley (cf. Fig. 2). 
However, in one experiment (Fig. 8) there was a range from 6-1 to 9-0 msec at 
which antidromic invasion of the soma failed and yet it occurred with intervals 
from 3-2 to 5-7 msec and also for intervals beyond 9 msec. Other experiments, 
too, have indicated by the length of the axon-soma delay that there was but 
little change in the factor of safety for axon-soma transmission with a range 
of stimulus intervals from 4 to 9 msec (cf. Fig. 5A). It will be shown later that 
this effect is satisfactorily explained by two overlapping processes which each 
cause depression of axon-soma transmission. 

When the size of the NM spike was plotted against the stimulus interval, 
it showed a very considerable increase, even more than double in some 
experiments, over the range of very short stimulus intervals, e.g. 1-5-2-6 msec 
and 1-45-3-6 msec in Fig. 9A and B respectively. There was also a small 
increase at stimulus intervals just short of the critical interval for soma 
invasion, which was presumably attributable to the superposition of a small 
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Fig. 8. A: action potentials evoked by two antidromic stimuli as in Fig. 5A, but in another 
experiment. Spike potential, 94 mV; resting potential probably shown too low on account of 
drift relative to zero reference potential. Longest interval 9-8 msec. B: plotting of spike 
potentials of series partly shown in A, the abscissae being stimulus intervals. Note that over 
range from 3-2 to 5-7 msec there is usually the large SD spike, while from then until 9 msec, 
there is always the small NM spike. 
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Fig. 9A and B: plotting of antidromic spike potentials against stimulus intervals as in Fig. 8B, 
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but for the two experiments partly illustrated in Fig. 5A and B respectively. Note the 
different time scales. The responses fall into three distinct groups corresponding to M, NM 
2 and SD spikes as indicated. 
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abortive SD spike—the equivalent of a local response (cf. record 8, Fig. 5.A). 
Possibly under such conditions there is a considerable increase in sodium- 
carrier activity which may later be suppressed by the reversed current flow as 
suggested above. The additional response so produced is more noticeable as 
a delayed decline of the NM spike than as an increase in its amplitude. 
Since, with the usual distortion of the recording, the NM spike gradually 
merged into an after-negativity, it is not possible to give a precise estimate of 
its duration, but it was always briefer than 1 msec when occurring at intervals 
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Fig. 10. A: NM spikes and after-potentials evoked by a second antidromic impulse at intervals 
of 2-05 (....), 36 (- - - -), 615 (- ——) and 8-7 (— — —) msec after a conditioning antidromic 


response in experiment illustrated by Fig. 5B determined by subtracting response to first 
volley from the combined response. B: Superimposed tracings of after-potentials evoked by 
two antidromic impulses in same experiment but with much slower time base and higher 
amplification. Continuous line gives response to first volley alone (mean of several similar 
records). Arrows indicate time of second stimulus and the corresponding record is shown 
about 1 msec thereafter declining from the NM (at two shortest intervals) or SD spike 
potentials. C: responses to second antidromic impulse in the records of B as determined by 
subtraction of the control response from the combined response. Same line convention for 
B and C. D: Size of positive after-potential evoked by second antidromic impulse is plotted 
against the stimulus interval for series partly illustrated in B and C. Note discontinuity 
between NM and SD responses. 


at which there appeared to be little or no addition of an abortive SD spike 
(Fig. 5A, B). In one experiment it was little more than 0-5 msec in duration 
(Fig. 6, 7B, C). 

The time course of the after-negativity is best illustrated by plotting the 
time course of the potential that the second antidromic response added to the 
first. As shown in Fig. 10A and OC, it closely resembled the after-negativity 
observed for the NM spike set up by a single antidromic volley (Fig. 3A, B, 
particularly the record at high amplification). Initially the decline was rapid, 
decay to one-half occurring for example, in 1-3 msec in Fig. 10A, but later 
there was a considerable lengthening of the half-time to as much as 2-3 msec. 
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The subtracted curves of Fig. 10C give confirmation of the small size of the 
positive after-potential for NM spikes relative to that for SD spikes, an effect 
already described for the NM spike set up by a single antidromic impulse 
(Fig. 3B, C). For example, after an NM spike the positive after-potential was 
always less than 1% of the spike potential, whereas after an SD spike it was 
about 5% of the spike potential (cf. Brock e¢ al. 1952a). 

The refractory period following an NM spike was determined in three 
experiments by setting up a third antidromic impulse at varying intervals. 
The least interval between the second and third NM spikes (0-97 msec in 
Fig. 6B) was much less than the least interval between the first and second 
(1-25 msec in Fig. 6A) obtained for this same motoneurone a few seconds 
previously. In the other two experiments the respective least intervals between 
the first and second and the second and third NM spikes were respectively 
1-23 and 0-98 msec in one and 1-37 and 0-98 msec in the other. These observa- 
tions are the reverse of those occurring with nerve stimulation, where there is 
a progressive lengthening of refractoriness and least interval with successive 
stimulations (Briicke, Early & Forbes, 1941). Presumably this anomaly is 
attributable to the large SD spike associated with the first N M response. This 
suggestion is supported by the relatively brief least-response-intervals 
(0-9-1-2 msec) also observed after an initial conditioning N M spike (cf. Fig.3 D). 
During and after the first SD spike response the non-medullated axon is 
recovering from refractoriness while being subjected to the powerful catelectro- 
tonic influence of the current flow generated by the SD spike. Its refractoriness 
would thereby be expected to be prolonged in accordance with Blair & 
Erlanger’s (1933) observations on catelectrotonically polarized nerves. 
Similarly, the refractory period of frog muscle was found to be lengthened by 
a concurrent end-plate potential (Eccles & Kuffler, 1941). 

(3) Stimulus intervals giving SD spikes. In the experiments illustrated in 
Figs. 5A and 8A the SD response to the second antidromic volley occurred 
after an axon-soma delay that was greatly prolonged beyond the control value. 
No recovery towards normal occurred at such relatively short stimulus 
intervals. A more complete series is plotted in Fig. 11, where the stimulus 
interval has been lengthened until the axon-soma delay had virtually been 
restored to its normal duration. The time course of recovery of axon-soma 
transmission corresponded approximately to the positive after-potential. 
A similar correspondence was observed in the two other experiments of this 


It is relevant that preliminary experiments have indicated that another type 
of hyperpolarization—that due to inhibition (Brock et al. 1952a, b)—also causes 
blockage of antidromic invasion of the soma—dendritic membrane and so 
explains the observations of Renshaw (1946) and Brooks & Eccles (1948). 
Figs. 5A and 8A typically show that the SD spike set up by the second 
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volley did not cause as large a reversal of potential as the control SD spike. 
This depression of the spike is not simply attributable to its origin from the 
trough of the positive after-potential because it was most effective for the 
SD spike that was set up before the positive after-potential developed. Another 
tentative explanation is that the depression is attributable to the increased 
axon-soma delay, which would cause the SD spike to be less well superimposed 
on the NM spike. However, as soon as the spike and dendrites are invaded by 
the impulse and have as a consequence approximately the same membrane 
potential as the active non-medullated axon, the spike in the NM segment 
would cease to contribute appreciably to the spike potential recorded with an 
intracellular electrode; hence this explanation may be rejected. It is suggested 
that the most probable explanation would attribute the diminished spike to 
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Fig. 11. Points plot variation of axon-soma delay (measured as delay of summit of SD spike) for 
second antidromic impulse at the stimulus intervals given by abscissae. © and @: two 
experimental series on the same motoneurone. Lower curve is plotted on same time scale and 
shows time course of positive after-potential following the conditioning antidromic impulse. 


the slow recovery of the sodium-carrier mechanism that follows its inactivation 
subsequent to a brief conditioning depolarization (in this case the conditioning 
SD spike), an effect which was established by Hodgkin & Huxley (1952c) for 
the squid giant axon. A supplementary explanation would be that the SD spike 
potential was depressed because the impulse would spread more slowly and 
perhaps less extensively over the dendrites. However, Figs. 5A and 8A show 
typically that, even after the longest axon-soma delays, the SD spike potential 
suffered no lengthening of its time course. 
If it is permissible to calculate the after-potential of the second SD spike as 
the potential added to the first SD after-potential, Fig. 5A shows that there 
was a large increase in the size and duration of its negative after-potential. 
On the same basis the positive after-potential was diminished as shown in the 
slower recordings at high amplification in Fig. 10B. However, there is a sharp 
distinction between the diminished, but still considerable, positive after- 
PH. OXXII. 
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potential so determined after an SD spike and its virtual absence after an 
NM spike (Fig. 10C). As shown in Fig. 10D the positive after-potential of the 
second SD spike recovered to normal as the stimulus interval was lengthened 
beyond the duration of the conditioning positive after-potential (cf. Fig. 10 B). 
Observations similar to those following the SD spike have been reported with 
the after-potentials of sympathetic ganglion cells (Eccles, 1935, 1936; Lloyd, 
1939), and also of nerve fibres (Gasser, 1937). 


III. Action-potentials generated by repetitive antidromic potentials 
(a) Spike potentials 
As shown in Fig. 12.A, when a single antidromic impulse sets up merely an 
NM spike, repetitive stimulation evoked a succession of such spikes, which fell 
off somewhat in size at the high frequency of 630 per sec. In later stages of 
such high frequency tetani there may be intermissions in the NM spikes, much 


Fig. 12. Intracellular potentials evoked by repetitive antidromic impulses in a motoneurone that 
gave NM spikes only to single impulses. A: brief tetani (140, 205, 280 and 630 per sec) at 
faster speed to show discrete NM spikes, and the early part of the positive after-potential. 
B: first record is for single impulse, there being progressively longer tetani at 630 per sec 
with subsequent records. C: as in B at higher amplification with spike summits truncated, 
but the first record is evoked by three antidromic impulses. Time scale gives 10 msec intervals 
for B and C. 


as illustrated in Figs. 13 and 14. An additional feature with some moto- 
neurones has been intermissions comprising one or more of the fractional 
NM spikes that occasionally have been observed for a second antidromic 
response at very short stimulus intervals (§ IIa). The after-potentials will be 
described in the next section. 

_ Fig. 13 illustrates the repetitive antidromic responses of those motoneurones 
in which a single antidromic impulse set up an SD spike, but a second failed to 
do so until the stimulus interval was relatively long (cf. Fig. 9B). Each anti- 
dromic impulse set up SD spikes at the lowest frequencies (13, 20 and 28 per 
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sec), but after the first few responses this occurred only for every second 
stimulus at 42 and for every third at 61 per sec. At higher frequencies invasion 
of the soma occurred still more rarely, and at 280 per sec there were inter- 
missions in the NM spikes, an effect which was very evident at the highest 
frequency (630 per sec). In Fig. 13 the positive after-potential after each 
SD spike is clearly seen, and at the higher frequencies the NM spikes were 
superimposed on the base-line formed by the successive positive after- 


Fig. 13. Intracellular potentials evoked by repetitive antidromic impulses in a motoneurone that 
gave an SD spike to a single antidromic impulse. Approximate stimulus frequencies for 
traces 1-10 are 13, 20, 28, 42, 61, 91, 140, 205, 280 and 630 per sec respectively. Time scale 
10 msec. 


potentials. At frequencies above 60 per sec the NM spikes were depressed 
after each SD spike, then recovered progressively until eventually they were 
large enough and the soma sufficiently excitable to allow another SD spike to 
be generated, when the cycle was repeated. At the highest frequencies this 
sequence was interrupted by the intermissions in the NM spikes. As a con- 
sequence of the periodic failure of axon-soma transmission, the frequency of 
the SD spikes is maintained at about 20 per sec despite a wide variation in the 
stimulus frequency. 

Fig. 14 illustrates the repetitive responses that have been observed in those 
preparations where a second antidromic impulse set up an SD spike at a 
relatively short interval. In Fig. 14 the critical interval for SD invasion by 
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a second antidromic impulse was about 4 msec (cf. Figs. 5A and 9A), in 
contrast to a critical interval of about 20 msec for the motoneurone of Fig. 13. 
Subsequently, successive stimuli set up NM spikes, but the last stimulus 
failed even to do that at frequencies of 300 and 460 per sec. Longer tetanization 
of this motoneurone is shown by the records at slower sweep speed (records 
5-10). At 150 and 220 per sec an SD spike was set up later in the tetanus and 
possibly it would have been repeated had the tetanus continued longer. At 
such’ frequencies the motoneurone of Fig. 14 gave, after the first two SD spikes, 


Fig. 14. As in Fig. 13, but for a motoneurone that had a much shorter least-interval for the SD 
response. Records 1-4 are at a faster sweep speed with frequencies of 150, 210, 300 and 
460 per sec (fast sweep speed). Records 5-7 at 150, 220 and 300 per seo and 8-10 all at 


460 per sec (slow sweep speed). Resting potential as measured from reference potential 
65 mV. 


responses resembling those of Fig. 13. At 300 per sec also, an SD spike was set 
up later in the series and it was followed by two NM spikes and then by an 
intermission in the NM series. At 460 per sec the still more complicated 
response is illustrated by three records. These are typical of the responses given 
by most of the neurones that we have investigated and are best described by 
the following statements. 

(a) After the onset of a high-frequency antidromic tetanus (frequencies over 300 per sec in our 
experiments) an SD spike is not generated unless there has been an intermission of one or more in 
the NM spike series. However, many intermissions are not thus effective. 


INTRACELLULAR ANTIDROMIC RESPONSES 449 


(b) When an SD spike has been set up, the next one or two antidromic stimuli evoke N M spikes, 
but a long intermission then ensues during the positive after-potential that follows the SD spike 
(cf. $111 6), as may also be observed for the two highest frequencies of Fig. 13. 

(c) Intermissions thus attributable to the positive after-potential of an SD spike are not followed 
immediately by an SD spike as in statement (a). 

Careful inspection of Fig. 14 reveals that small spikes have still been set up 
when there has been a failure of the NM spikes. These are best seen with the 
last stimuli in records 3 and 4. Such small spikes would appear to be similar 
to those which have been set up by the second antidromic impulses at the two 
shortest stimulus intervals in Fig. 5A, and which have been provisionally 
identified as M spikes generated by impulses in the medullated axon, there 
being blockage at the medullated—non-medullated junction. This identification 
is confirmed by observing periods of NM intermission at a fast sweep speed 


A B f\ 


Fig. 15. A: portions of the intracellularly recorded M spike potentials evoked by an antidromic 
tetanus at 470 per sec. The upper record shows an NM spike arising from the last M spike. 
B: as in A, but at higher amplification and with weaker stimuli. Upper record shows a single 
M spike and with weak stimulation in second record the second stimulus fails to evoke an 
M spike. Note all-or-nothing character of the M spike. 


and a higher amplification. As shown in Fig. 15B the M spikes were, as 
expected, about 0-5 msec in duration and showed an all-or-nothing relationship 
when the strength of the tetanic stimulation was varied. This all-or-nothing 
character shows that they are not caused by volleys in adjacent motor axons, 
which often generated a potential of much the same polarity and time course. 
Thus the intermissions in the repetitive NM spike series are attributable to 
blockage at the junction of the medullated with the non-medullated axon, an 
effect which has already been observed with a very early second antidromic 
stimulus (§ I1b (2)). A partial blockage is indicated in the first record of 
Fig. 15.A by the relatively long interval between the M spike and the NM spike 
which it evoked. 


(b) Slow potentials 

A repetitive series of NM spikes has regularly been followed by a positive 
after-potential, which, as shown in Fig. 12, builds up to a considerable 
potential with a high-frequency tetanus. In this respect the NM spikes 
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resemble axonal spikes (Gasser & Grundfest, 1936), and likewise there is 
evidence that the positive after-potential has an initial phase of about 70 msec 
(P,) and a much more prolonged remainder (P,) (cf. Gasser, 1939). 

Each SD spike that is set up during the repetitive stimulation is followed by 
a large positive after-potential (Figs. 13, 14), which is virtually identical 
with that produced by a single SD spike (Brock et al. 1952a, fig. 5). The full 
development of the positive after-potential, however, is observed only when 
there has been an intermission in the NM spike series as in Fig. 13, records 9 
and 10, and Fig. 14, records 7~-10. As soon as the repetitive NM spikes 
returned, there was immediately a diminution of this positive after-potential 
as revealed by the level of the background potential from which these spikes 
arose. Presumably this effect is attributable to the after-negativity that 
followed the NM spikes (cf. Figs. 3A, B; 10 A, C). This after-negativity can be 
observed to build up during repetitive series of NM spikes in Figs. 13 and 14, 
though in Fig. 12 there appeared to be a progressive dominance of the positive 
after-potential. The positive after-potential that ensued on cessation of 
stimulation at high frequency in Figs. 13 and 14 indicates that the background 
potential during a repetitive N M series was determined by the net effect of the 
summed after-negativities and positive after-potentials of the NM responses. 

IV. Interaction between NM spikes and post-synaptic potentials 

Renshaw (1942) first observed that the negative or ‘soma’ spike set up by 
an antidromic volley and recorded by an extracellular micro-electrode is 
greatly increased by an orthodromic volley. It has been shown (Brooks & 
Eccles, 1947) that, as the testing interval is lengthened, the facilitation of this 
soma spike decreases with a time constant of decay that is much the same as 
with the synaptic facilitation curve (Lloyd, 1946). There is now very convincing 
evidence that both facilitations are attributable to the partial depolarization 
(post-synaptic potential) that the orthodromic volley induces in the moto- 
neurones (Brock ef al. 1952a, 6; Eccles, 1953). According to the hypothesis 
developed here and elsewhere, this partial depolarization ‘of the soma and 
dendrites would relieve the axon-soma blockage normally existing in many 
motoneurones, and hence cause the increased soma spike with extracellular 

No opportunity has yet occurred for systematically testing this effect with 
intracellular recording, but it is easy to arrange for a very similar experiment 
in which conditioning by an antidromic volley causes a later testing anti- 
dromic volley to generate only an NM spike (cf. Fig. 5), a post-synaptic 
potential (p.s.p.) being superimposed in various temporal relationships thereto 
as illustrated in Fig. 16. Close inspection of Fig. 16 reveals that there is 
approximate summation of the NM spikes and the p.s.p.’s at all phases of 
interaction. A more accurate study has been made by sweeping the relevant 
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part of the record faster and at each interval determining, by means of 
subtraction of the projected records, the potential which the orthodromic 
volley adds to the A, A, potential (Fig. 17). There is a spike-like addition to the 
p.8.p. when it is large at the time of the NM spike, and a small depression of 
a p.s.p. set up during the falling phase of an NM spike, but this depression 
has already become virtually ineffective for a p.s.p. generated only 2 msec 
after the onset of the NM spike. At the optimal interval in Fig. 17 the spike- 
like addition is a full SD spike, which is an example of the postulated relief of 
axon-soma blockage by a p.s.p. This was repeatedly observed when the onsets 


Fig. 16. din 
tendinosus nerve which sets up a monosynaptic p.s.p. at various time relationships to the 
NM spike generated by the second antidromic impulse. Immediately below each intracellular 
record is the action potential of the orthodromic volley as recorded by an electrode on the 
first sacral dorsal root. The first record is the control response to the two antidromic impulses 
alone. 


of the p.s.p. and the NM spike were within 0-1 msec of each other. At other 
intervals it is suggested that the spike-like addition would be an example of 
an abortive SD spike suppressed by the quenching current from the axon and 
axon hillock (cf. Fig. 4B). It should be pointed out that the generation of an 
SD spike is due to the superimposed depolarizations of the soma occurring 
during the NM spike and the p.s.p. and one should not be misled by the method 
of plotting adopted in Fig. 17 to assume that the p.s.p. is more effectively 
related to the generation of the spike. 

The interaction between the p.s.p. and an NM spike contrasts strikingly 
with the effect of an SD spike on the p.s.p. as already reported (Brock e¢ al. 
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19526; Eccles, 1953). An SD spike virtually destroyed all existing p.8.p., and 
no appreciable p.s.p. could be built up until late on the decline of the SD spike. 
Furthermore, there is a much deeper and more prolonged (at least for 10 msec) 
depression of the p.s.p. after an SD spike than after an NM spike, and the 
time constant of decay of the p.s.p. is also much briefer after an SD spike. All 
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Fig. 17. Tracings of action potentials from same experimental series as Fig. 16, but with faster 
time base. In the upper section are the control records of the N M spike and the p.s.p. which 
the orthodromic volley produces after conditioning by the first antidromic volley alone, the 
orthodromic stimulus being applied at zero on the time scale. In the lower section are plotted 
the potentials added by the orthodromic volley when it occurs at eight different times 
relative to the NM spike of the second antidromic volley which is fixed at the same time as 
the control above. The arrows 2-8 mark the times of the orthodromic stimuli that evoke the 
potentials labelled 2-8 respectively. Stimulus 1 is beyond the left of the figure. The per- 
pendicular line gives the fixed time of the second antidromic stimulus, Note that coincidental 
with the NM spike there is a spike-like addition to the p.s.p., which increases from records 
1 to 3 to give a full SD spike at 4 and then declines to a small spike at 5. Further description 
in text. 


these differences are to be expected if the membrane activated during the 
NM spike is virtually restricted to a part of the motoneurone that is not 
actively contributing to the p.s.p., i.e. on which there are very few if any 
excitatory synapses. On the other hand, the NM spike must arise in a part of 
the motoneurone that is very close to the synaptically activated surface of the 
soma and dendrites, for it can effectively sum with the p.s.p. to give a spike 
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and it exerts a slight depressant effect on a p.s.p. generated on its falling phase 
(Fig. 17B, 6 and 7). It has already been suggested that during the decline of 
the NM spike the large outward potassium current of the membrane that had 
been activated by the NM spike was very effectively aiding, by means of local 
current flow, the repolarization of the neuronal membrane, an effect which 
would account for the observed depressions of the p.s.p. Thus the experimental 
evidence is fully accounted for by the hypothesis that the NM spike is 
generated by an impulse in the non-medullated axon and the axon hillock, and 


it effectively excludes any postulate that the NM spike is generated further 
centrally in the motoneurone, e.g. in the soma. 


DISCUSSION 

| Antidromic potentials 
With intracellular recording from motoneurones an invariable finding has been 
that antidromic impulses set up spike-like potentials which fall into three 
sharply defined classes, the SD, NM and M spikes. Before discussing 
generally the problem of antidromic transmission into motoneurones, it is 
important to examine critically all the experimental evidence that bears on 
the identification of these three types of spikes with the antidromic invasion 
of specific parts of a motoneurone. 

It was convenient to postulate earlier that the NM spike is generated when 
the antidromic invasion spreads over the non-medullated segment of the axon 
and some distance over the axon hillock, and that the SD spike is produced by 
the extension of this invasion to the soma and dendrites. The evidence sup- 
porting these identifications may now be assembled. 

In the first place it is certain that the micro-electrode lies within some part 
of a motoneurone because initially it records a resting potential, which is 
itself diminished or reversed by the spike potential generated on antidromic 
activation via the ventral root. Furthermore, it may be assumed that in our 
experiments the micro-electrode lies in some part of the soma or adjacent large 
dendritic branches, for the soma offers by far the largest target, and with our 
imperfect fixation other parts of the motoneurone, e.g. the finer dendritic 
branches or the axon, would be unlikely to accommodate the micro-electrode 
for more than a few seconds. Such brief insertions are sometimes encountered. 
Since the SD spike is so large that it produces reversal of the resting membrane 
potential, it must be caused by an impulse in the membrane immediately 
adjacent to the micro-electrode, i.e. in the soma membrane. Histologically the 
dendrites appear merely as large extensions of the soma, and, on the local- 
circuit theory of impulse propagation, it would be expected that once the 
antidromic impulse had invaded the soma, it would rapidly spread over the 
large dendritic branches. This expectation receives convincing experimental 
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support from the finding that an SD spike causes virtually complete destruc- 
tion of a pre-existent post-synaptic potential (Brock et al. 19526; Eccles, 1953). 
The SD spike must therefore invade those parts of the post-synaptic membrane 
which are depolarized by the excitatory action of presynaptic impulses and 
which are sufficiently close to the intracellular electrode, i.e. the membrane of 
the soma and large dendritic branches. 

On the other hand, the NM spike causes very little destruction of a pre- 
existent post-synaptic potential (Figs. 16, 17), and quite large post-synaptic 
potentials can be superimposed upon an NM spike. However, summation of 
these two depolarizations is likely to be complicated by the generation of an 
SD spike (Fig. 17), which in turn destroys the post-synaptic potential. It may 
be concluded that, in generating the NM spike the antidromic impulse must 
be blocked before it invades an appreciable part of the synaptically innervated 
zone of the motoneurone, i.e. the soma and dendrites. Yet the relatively large 
size of the NM spike shows that the invaded membrane is closely adjacent to 
the micro-electrode in the soma (cf. Fig. 4A). It has already been pointed out 
that, according to the local-circuit theory of impulse propagation, transmission 
from the constricted non-medullated segment into the conical expansion of 
the axon hillock to soma would have a low factor of safety, hence all the 
available evidence indicates that the NM spike is produced when the anti- 
dromic impulse is blocked somewhere in the axon hillock. The abortive 
addition to the NM spike (Fig. 17) that occurs under conditions just short of 
its growth to an SD spike is then satisfactorily attributed to a local response 
of the soma—dendritic membrane. 

The small size of the M spike, its short refractory period, brief duration, 
all-or-nothing character, ability to follow high frequencies, and its location 
immediately peripheral to the membrane giving the NM spike make its loca- 
tion in the medullated segment very probable. 

Additional evidence for the localization of the NM and SD spikes is provided 
by the positive after-potentials, which are always relatively much larger after 
SD spikes than after NM spikes, being on the one hand never less than about 
3% of the SD spike height and on the other never more than 1% of the 
NM spike height. This latter value is of the same order as with peripheral 
mammalian axons (Gasser & Grundfest, 1936; Grundfest, 1940); hence further 
experimental support is provided for the axonal origin of the NM spikes. 
_ The large positive after-potential following the SD spike undoubtedly causes 
depression of the invasion by a second antidromic impulse as shown by failure 
or delay of the SD spike (cf. Figs. 9 and 11; Brooks et al. 1950; Lloyd, 1951 a), 
and presumably it also causes the concurrent depression of the synaptically 
evoked discharge from the motoneurone (Brooks et al. 1950; Lloyd, 19512). 
Thus the SD spike is again identified with the synaptically activated membrane 
of the motoneurone. 
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It now remains to consider whether the other experimental investigations 
on the NM spike can be satisfactorily explained. Explanations have already 
been offered for the large size of the NM spike, the relatively long refractory 
period after a conditioning antidromic impulse, particularly one that evokes 
an SD spike, and the large after-negativity that is often observed (Figs. 2B, 
10A, C). 

In Fig. 9, after a conditioning antidromic impulse, the NM spike set up by 
a later testing antidromic impulse is small at the shortest intervals and 
increases to a plateau level with lengthening of the testing interval. Pre- 
sumably the small size of the NM spike is partly attributable to the usual 
conditions obtaining for a membrane during relative refractoriness (Hodgkin 
& Huxley, 1952d): partial inactivation of the sodium-carrier mechanism; high 
level of potassium conductance. Both these effects would diminish the inward 
current during a spike response of the non-medullated membrane (cf. Fig. 4A). 
But, after an SD spike, an additional factor would arise on account of the high 
potassium conductance of the soma-dendritic membrane, which would 
effectively diminish the depolarizing effect of the outward currents that flow 
through this membrane and that give, as a consequence, the NM spike as 
actually recorded (cf. Fig. 4A). 


Azon—soma transmission 


When there is antidromic invasion of the soma and dendrites, there is wide 
variation in the delay at the axon-soma junction from about 0-05 to 0-4 msec. 
Presumably this delay is largely occupied in the depolarization of the soma by 
extrinsic current flow until a critical level is attained for generating an impulse 
in the soma. After about 0-3 msec there will be a rapid decline of these 
extrinsic currents, which soon reverse (Fig. 4 B); hence if the critical depolariza- 
tion is not attained in about 0-4 msec, it never will be attained, i.e. the observed 
value of 0-4 msec would be expected to be the longest possible axon-soma 
delay. Local responses of the soma membrane adjacent to the axon hillock 
would of course tend to prolong the soma-dendritic depolarization despite the 
decline and reversal of the extrinsic currents (cf. Figs. 3A, 5A). The shortest 
values of axon-soma delay would be expected to occur when there is the largest 
safety factor for transmission. As predicted, axon-soma transmission is then 
restored at very short intervals after a conditioning antidromic volley 
(cf. Figs. 5A and 9A). | 

As shown in Fig. 8, as the testing interval is lengthened, the phase of blockage 
of axon-soma transmission (as shown by the NM spikes) may have a brief 
phase of axon-soma transmission superimposed upon it (at stimulus intervals 
of 3-2-5-7 msec in Fig. 8B). The final recovery of axon-soma transmission was 
not observed until 9 msec. This complex behaviour is satisfactorily explained 
by the combination of two factors depressing axon-soma transmission: 
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relative refractoriness of the axon and soma at the shortest test intervals; 
hyperpolarization of the soma membrane due to the positive after-potential 
at longer intervals. In Fig. 8B there has been adequate recovery from the 
relative refractoriness by 3-2 msec and the after-negativity did not reverse to 
the positive after-potential until about 6 msec. Thus over the intermediate 
range from 3 to 6 msec the restoration of transmission is attributed to the 
combined effects of partial recovery from relative refractoriness and the 
relative supernormality associated with the negative after-potential. Beyond 
6 msec the subnormality associated with the positive after-potential would 
cause further blockage of transmission. Presumably it exerts this effect by 
summation with a residuum of relative refractoriness because the final recovery 
of transmission at about 9 msec occurs during the maximum of the positive 
after-potential and must therefore be attributed to recovery from this residual 
relative refractoriness, though possibly accommodation to the positivity may 
also be a factor. Axon-soma transmission is still very delayed, and the 
depressant action of the positive after-potential throughout its whole duration 
has been well illustrated by the shortening of this transmission time to normal 
along a recovery curve that parallels the positive after-potential (cf. Fig. 11). 

Possibly these observations on single motoneurones provide an explanation 
of the transient recovery of some motoneurones after antidromic activation as 
observed experimentally on the whole motoneurone population (cf. § iv of the 
introduction). With intracellular recording we have never observed the 
alternative condition there suggested, namely production of an SD response 
when there is facilitation of a second NM spike by the residuum of soma 
depolarization following a conditioning NM spike. 

Conclusions 

It is now possible to give in summary form the conclusions relating to the 
antidromic responses of motoneurones and the properties of motoneurones 
derivable therefrom. 

(1). Under normal conditions propagation occurs from the medullated to the 
non-medullated segment, but the low safety factor that would be expected for 
this transmission causes blockage to occur during rapid repetitive stimulation, 
especially if the non-medullated segment is subjected to the hyperpolarizing 
influence of the current flowing during the positive after-potential of the 
soma—dendritic membrane (cf. Figs. 13 and 14). 

(2) As would be expected from the local-circuit theory of propagation, a still 
lower safety-factor occurs for the propagation from the constricted non- 
medullated segment outwards over the conical expansion of the axon hillock 
to soma. Even for motoneurones having the highest safety-factors, there is 


a phase of slowed propagation which appears as an axon-soma delay of 
0-05-0-4 msec, while with other motoneurones there is axon-soma blockage. 
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(3) Axon-soma blockage occurs in all motoneurones shortly after a con- 
ditioning antidromic volley. At brief stimulus intervals this blockage is 
attributable to relative refractoriness, and at longer intervals to the positive 
after-potential of the soma—dendritic membrane, which is about 100 msec in 
duration. These depressant effects overlap over a range that usually extends 
from about 4to 10 msec. Axon-soma blockage has also been observed when the 
soma~—dendritic membrane is sufficiently hyperpolarized by synaptic inhibitory 
action. 

(4) Facilitation of axon-soma transmission is produced when the soma- 
dendritic membrane is depolarized by synaptic excitatory action, i.e. during 
the post-synaptic potential, blockage being relieved (Fig. 17) and delay being 
shortened. 

(5) Invasion of the soma-dendritic membrane is normally all-or-nothing, 
the spike potential so generated being about 1 msec in duration and terminating 
sharply in the after-negativity. However, under conditions just critical for 
transmission, there may be a small partial invasion of the soma membrane, 
a type of local response. 

(6) During the soma—dendritic spike there is the usual reversal of nition 
potential to about 30 mV external negativity, and thereafter a negative and 
positive after-potential. The latter is larger than in peripheral axons by a 
factor of five to ten. 

(7) When the antidromic impulse is blocked at the axon-soma junction, 
there is a considerable depolarization (about 30.mV) of the soma—dendritic 
membrane. This depolarization is much larger than the normal threshold level 
for generation of a spike (about 10 mV), a discrepancy which has been 
attributed to the strong extrinsic repolarizing current that rapidly follows the 
initial depolarizing current. 

(8) In general the responses produced during antidromic invasion of a 
motoneurone are largely explicable by the anatomical features of the pathway, 
in particular by the geometry of the conical expansion at the axon-soma 
transition. But some degree of physiological specialization must be postulated 
for the soma-—dendritic membrane, which has a spike duration considerably 
longer than the axon and a much larger positive after-potential. 


General discussion 
By making five assumptions, Barakan et al. (1949) explained the electrical 
responses evoked by an antidromic volley under various conditions and 
recorded throughout the cross-section of the spinal cord by a penetrating 
micro-electrode. Four of these five assumptions are contained in the above 
set of conclusions, and there is even very close quantitative agreement in the 
respective values for axon-soma delay and soma spike duration. The remaining 
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assumption concerned propagation over the dendritic terminals, which could 
not at present be tested by intracellular recording. In particular, Barakan 
et al. attributed the lability of the negative spike as recorded in the region of 
the motor nucleus to a lability of axon-soma transmission exactly as formu- 
lated in conclusions (2), (3) and (4) above. 

Similarly, the conclusions of Brooks et al. (1950) have been substantiated by 
the intracellular records where these have been applicable (particularly con- 
clusions (3) and (6)). 

Recently, Lloyd (1951a, 6) has reached some very different conclusions 
from an analysis of the potentials which are generated by an antidromic 
volley and recorded mainly from the surface of the spinal cord. For example, 
it is concluded that axon-soma delay and blockage is not established as an 
important factor, that the lability of the main antidromic spike is due to 
a high degree of ‘subtlety’ of conduction in dendrites (Lloyd, 1951 a), and that, 
during the antidromic after-potentials, current in the external circuit flows 
from the somata and dendrites to axons for about 45 msec and then reverses 
to flow from axons to somata and dendrites for a further 75 msec (Lloyd, 
1951a, b). In a brief commentary it is possible to indicate how some of these 
differences have arisen. 

First, Lloyd has invariably employed a maximum antidromic volley in 
a ventral root, and hence a complex pattern of discrete nuclei of motoneurones 
will be activated (cf. Marinesco, 1904; Romanes, 1951). Lloyd (1951a) 
interprets this whole pattern as being simply equivalent to a giant moto- 
neurone occupying the whole ventral horn. It should be pointed out that in 
@ previous analysis of the potential fields generated by an antidromic volley, 
Barakan et al. (1949) invariably employed an antidromic volley restricted to 
the axons of a relatively discrete nucleus of motoneurones. Such conditions 
offer much more justification for the simplification to a single giant 
motoneurone. 

Secondly, Lloyd (19514) attributes his ‘b” wave to antidromic invasion of the 
cell body (soma in our terminology), whereas his observations accord with ours 
if the ‘b’ wave is due to the antidromic invasion of the non-medullated segment 
and the axon hillock, i.e. if his ‘b’ wave is equivalent to our NM spike. His 
identification is based on three attributes of the ‘b’ wave: its localization in 
the region of the ventral horn; its relatively long refractory period with a least 
interval of about 1 msec longer than the medullated axon; its sensitivity to 
the depolarizing influence of asphyxia. All of these attributes would obtain 
for the non-medullated axon, for even if it were less rapidly depolarized by 
asphyxia than the soma and dendrites, it would be very effectively depolarized 
by the flow of current into such primarily depolarized areas. It should be noted 
that Lloyd’s rejection of the concepts of axon-soma delay and blockage is 
based almost exclusively on the identification that he has given to his ‘b’ wave, 
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and that consequently he has to attribute the lability of the antidromic 
responses to dendritic conduction. 

If the ‘6’ wave is thus attributable to the non-medullated axon, to what is 
Lloyd’s ‘s’ wave attributable? Since the least-response-interval corresponds 
approximately to the medullated axon, and since it is only detectable by 
a micro-electrode in the ventral horn, it seems likely that it is generated by 
impulses in medullated axons within the ventral horn, particularly those 
traversing to the most dorsally placed motoneurones. 

Thirdly, from an analysis of the after-potentials that follow an antidromic 
volley, Lloyd (19516) derives the temporal pattern of after-currents that after 
45 msec flow in the external circuit in the opposite direction from the currents 
that would be generated by the after-potentials recorded in this paper. 
Intraneuronal recording establishes that the SD spike is followed by a large 
positive after-potential that continues for 100-120 msec, while after the 
NM spike the positive after-potential runs much the same time course, but 
is at most one-fifth the size (relative to the respective spike potentials). Thus, 
for the whole duration of the after-potential, after-currents flow in the external 
circuit from the soma to the axon and there can be no doubt that the positive 
after-potential of the soma and dendrites is adequate both in intensity and 
duration to account for the depression of the antidromically activated moto- 
neurone as tested either by a second antidromic volley or by an orthodromic 
volley. Unfortunately, it has not been possible to offer an alternative explana- 
tion for Lloyd’s (19515) elegant experiments on the antidromic after-potentials 
and after-currents. But it must be pointed out that for currents flowing 
between the soma and the axon the intracellular micro-electrode is a much 
more sensitive (about 100 times) and direct indicator than is the external 
micro-electrode, particularly when account is taken of the complex pattern of 
motoneurone distribution in the ventral horn and the external fields of current 
which will probably flow to dendrites as well as to axon. 

The analysis of externally recorded antidromic potentials is of importance 
because it would seem to be the only method of determining the reactions of 
the finer dendrites and the dendritic terminals. However, this analysis must 
if possible be done on the responses of single motoneurones from which 
intracellular potentials have also been recorded. The antidromic responses of 
the whole assemblages of motoneurones in the ventral horn would appear to 
give fields of current which are topographically so complex that, if external focal 
recording only is employed, the behaviour of a single motoneurone cannot be 
derived therefrom by even the most exacting analytical procedures. 
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SUMMARY 

1. Intracellular recording from motoneurones in the lumbar region of the 
cat’s spinal cord has provided evidence on most of the controversial issues 
concerning antidromic responses of motoneurones. 

2. The geometry of the antidromic pathway indicates that low safety- 
factors for transmission would occur at the medullated—non-medullated 
junction and at the axon-soma junction, and on this basis detailed explana- 
tions are given for most of the experimental observations. With blockage at 
the latter site there is a simple NM (non-medullated) spike of about 30-40 mV, 
in contrast to the SD (soma-dendritic) spike of up to 100 mV on full anti- 
dromic invasion. With blockage at the former site there is a very small 
M (medullated) spike of about 1 mV. 

3. When axon-soma transmission normally occurs, it is associated with 
a delay of 0-05-0-4 msec. Depression by the refractory period or the positive 
after-potential following a previous SD spike causes blockage of transmission, 
or at least lengthening of the delay, 0-4 msec being the upper limiting value. 
Likewise medullated—non-medullated transmission is blocked by refractoriness 
or hyperpolarization of the non-medullated segment. 

4. In addition to the voltage differences which are explicable by the 
assumed location of the micro-electrode in the soma, the SD spike differs from 
the NM spike in its longer duration (about 1 msec) and in the positive after- 
potential which is larger, relative to the spike potential, by a factor of five to 
ten. The currents flowing during and after an NM spike are correlated with 
the electrical events in the soma, in particular with the generation of an 
SD spike. 

5. Detailed descriptions are given of the SD, NM and M spikes set up by 
two antidromic impulses at various intervals and by repetitive trains of 
antidromic impulses at various frequencies. 

6. The interaction of the NM spike with the post-synaptic potential is 
investigated, depolarization produced by the latter aiding, as would be 
expected, in antidromic transmission. 
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Recently, when investigating the effect of graded stimulus strengths on the 
size of the conducted monophasic spike in muscle afferent fibres, Brock, 
Eccles & Rall (1951) found that with biceps-semitendinosus nerve the range 
of stimulus strengths from threshold to that giving the maximum group I 
spike was much larger than with other muscle nerves. There was a three- to 
fourfold increase of strength in contrast to an increment of 1-6—2-3 for other 
nerves. It has also been an almost invariable finding that, when recorded 
triphasically (a contact electrode against an indifferent electrode), an afferent 
volley from the biceps-semitendinosus or quadriceps nerves showed a double 
negative spike (cf. Brock, Coombs & Eccles, 1952, fig. 9), which was never 
observed for afferent volleys from the leg muscles—gastrocnemius, flexor 
digitorum longus, extensor digitorum longus, etc. Since the fast afferent fibres 
of muscle (the group I) are known to have two major components of quite 
different reflex function, which respectively may be designated group Ia from 
the annulo-spiral endings and group I} from the Golgi tendon organs (Matthews, 
1933; Barker, 1948; Granit, 1950; Granit & Strém, 1951; Hunt & Kuffler, 
19514, 6; Hunt, 1951, 1952; Laporte & Lloyd, 1951, 1952; Hagbarth & Naess, 
1950), it was of interest to determine whether the double negative spike was 
attributable to this dual composition. If this was so, then the discrimination 
between the reflex functions of groups Ia and Ib would become simpler because 


the relative group Ia and Ib composition of an afferent volley would be 
directly determinable. 


METHOD 
Cats, anaesthetized with pentobarbitone sodium (Nembutal), have been used in all"experiments. 
The method, and the dissection of nerves and their mounting on electrodes, have resembled in 
general those procedures described by Brock et al. (1951). Special precautions have been taken 
to ensure that the stimulus did not ‘escape’ to nerves other than] those on the electrodes. For 
example the sartorius and saphenous components of the femoral nerve were dissected up and 
cut about 2 cm proximal to the cathodal electrode on quadriceps nerve. The stimuli were brief 


q 
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condenser discharges and the amplified potentials were recorded by a flat-faced cathode-ray tube 
so that the co-ordinates were rectangular. For triphasic recording a small platinum wire was used 
to make contact with a few filaments of the uninjured dorsal root just before their entry into the 
spinal cord, and the position of this pick-up electrode was adjusted so that it was optimal for 
recording the afferent volley spike. The indifferent electrode was an earthed platinum plate applied 
to uninjured back muscles. The ventral roots were cut intradurally just before they penetrated the 
dura mater and hence impulses set up in the motor fibres of the muscle nerves would not contribute 
any appreciable potential to the recording system. The paraffin pool protecting the spinal cord was 
warmed by heater coils in glass tubes so that its temperature was maintained within one degree 
of the body temperature. Monophasic recording resembled that already described (Brock et al. 
1951). 

In order to minimize the effect of random disturbances (such as the background afferent barrage 
(cf. Brock et al. 1951) on the recorded spike potential, the superimposition procedure of Dawson 
(1950) was adopted. The aperture of the camera was made very small so that individual sweeps 
left a faint photographic trace and for each record twenty sweeps were superimposed at two or 
three per second. Nerves respond at this relatively low frequency with no significant change in 
threshold over long periods. As seen in Figs. 1-3 and 5 the superimposed tracings print up sharply 
and the random deviations from the spike potential are rejected. 


RESULTS 
Triphasic recording 

Fig. 1 shows a typical series of action potentials recorded when the stimulus 
to the quadriceps nerve was progressively increased and the active recording 
electrode rested on the appropriate dorsal root (upper part of L6 p.x.). With 
increasing strength of the weak stimuli the characteristic triphasic spike 
potential increased towards its maximum. However, beyond a critical 
strength (50% above the first threshold), a later spike appeared (first detectable 
in record 5) and grew likewise to a maximum which was almost as large as the 
maximum of the first spike, so that with the strongest stimuli there was a 
striking double negative spike. 

In the series of Fig. 2 a second stimulus maximum for both spikes was 
applied through the same electrodes 0-68 msec after the first. This constant 
testing stimulus was so early in the relatively refractory period that it failed 
to generate impulses in any fibres that were excited by the first. The control 
record, C, shows that the testing stimulus evoked a maximum response of both 
spikes but its strength was set very little above this maximum in order that it 
would not excite any fibres very early in their relatively refractory period. 
Thus, by the spike response that it evoked, the testing stimulus revealed the 
fibre population that was not excited by the first stimulus. As the first stimulus 
was progressively increased above threshold, it set up a simple triphasic spike 
of progressively increasing size (cf. Fig. 1), and concomitantly there was a 
diminution of the first spike set up by the second stimulus, which was not 
detectable in records from 9 onwards. In the first nine records there was no 
appreciable change in the size of the second testing spike, but in records from 
10 onwards this declined, and pari passu the first stimulus generated a pro- 

30-2 


464 K. BRADLEY AND J. C. ECCLES 


gressively larger second spike. It will be seen that in this experiment a 
stimulus 1-5 times threshold (record 9) virtually excited all the fibres giving 


the first spike and none giving the second spike. Such an effective separation 


Fig. 1. Fig. 2. 

Fig. 1. Triphasic records of group I afferent volleys from quadriceps nerve recorded by a surface 
electrode on L6 dorsal root close to its entry into the spinal cord. Each record is formed by 
the superposition of twenty faint traces in order to minimize random noise. With records 1-10 
the stimulus strength was progressively strengthened, the respective strengths relative to 
threshold being: 1-06, 1-19, 1-31, 1-43, 1-55, 1-68, 1-86, 1-99, 2-29 and 2-55. Time in 0-2 msec. 

Fig. 2. Triphasic records recorded as in Fig. 1, but from another experiment and evoked by two 
stimuli applied to quadriceps nerve 0-68 msec apart. The first stimulus was varied as in Fig. |, 
but the second was about three times threshold. C shows control response to second volley 
alone and time in 0-2 msec, Stimulus strengths relative to threshold were: 1-0, 1-06, 1-13, 


1-21, 1-27, 1-34, 1-40, 1-44, 1-53, 1-60, 1-66, 1-73, 1-80, 1-93, 2-06, 2-19, 2-33 and 2-86 respectively 
for records 1-18. Further description in text. 


is not often obtained for quadriceps nerve (cf. Fig. 1 and Table 1), but it is 
always possible to adjust the strength of the stimulus so that it excites a large 
fraction (over half) of the fibres giving the first spike and virtually none of those 
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giving the second spike. A similar series is shown in Fig. 3 with stimulation of 
biceps-semitendinosus nerve. 

The use of a testing stimulus as in Figs. 2 and 3 is of importance because it 
enhances the accuracy with which the size of the response to the first stimulus 
may be measured. Since there is a latent period of up to 0-2-0-3 msec in the 
initiation of an impulse by a stimulus just above threshold (cf. Blair & 
Erlanger, 1933), there will always be a complicating temporal dispersion in 
the volleys generated by a submaximal stimulus. As a consequence the spike 


Fig. 3. As in Fig. 2 in another experiment, but for afferent volleys evoked by two stimuli applied 
to biceps di nerve 0-64 msec apart. Stimulus strengths relative to threshold 
Sor the vestable Sret stiesulus were: 1-06, 1-19, 1-31, 1-43, 1-68, 1-93, 2-05, 2-17, 2-55, 2-79, 
3-86 for records 1-11 respectively. C: control response to second stimulus alone. The recording 
electrode was on the upper part of 81 dorsal root cluse to its entry into the spinal cord. 
Time, msec. 


potential will give an underestimate of volley size and very small volleys may 
be undetectable with triphasic recording. Thus in Fig. 2 the deficit in the 
testing spike provides a more reliable measure of the response to the first 
stimulus. The testing stimulus has been somewhat above maximal strength 
so that its effectiveness would not be diminished by the post-cathodal 
depression that follows just-subliminal stimulation of nerve by brief shocks 
(cf. Gildermeister, 1908; Erlanger & Blair, 1931). 


Monosynaptic reflex activity 
There is now conclusive evidence that the afferent fibres from muscle spindles 
reflexly excite the homonymous and synergic motoneurones (Granit, 1950; 
Hunt, 1952; Laporte & Lloyd, 1952; Eccles, 1953), and hence are the afferent 
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fibres which monosynaptically excite motoneurones and which have the 
lowest threshold of group I, i.e. they comprise the subgroup designated I a. 
We have invariably observed that the monosynaptic reflex discharge is 
dependent on the size of the afferent volley that gives the first spike in such 
records as those of Figs. 1-3. 

A more precise investigation is illustrated by Fig. 4A. Two stimuli are 
applied to a muscle afferent nerve (biceps-semitendinosus) at a fixed interval 
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Fig. 4. A: the upper curves show sizes.of the first (©) and second (@) group I spikes plotted 
against stimulus strength expressed as a fraction of the threshold strength. Measurements 
from a series of records as in Fig. 1, but from another experiment. In the lower curve the 
size of the monosynaptic reflex spike is similarly plotted against the strength of the stimulus 
setting up the first of two afferent volleys in biceps itendi nerve, the second being 
maximal for group I and 2 msec later. The very small value at strength 1-0 (i.e. threshold) 
is the size of control reflex to the second volley alone. Every point is measured from a trace 
composed of twenty superimposed records, the reflexes being recorded at one every 3 sec. 
B: series resembling A, but for direct inhibition instead of monosynaptic facilitation. Upper 
curves: strength-magnitude curves for first and second group I spikes of quadriceps nerve. 
Lower two curves: strength-inhibition curves, the size of the reflex spikes in §1 ventral root 
being plotted on the same ordinate scale for two different testing responses, one evoked by 
a single biceps-semitendinosus volley alone, the other when it is preceded by 1-5 msec by a 
facilitating volley in the same nerve, which alone evoked no reflex discharge. Further 
description in text. 

of 2-0 msec. The second is maintained at maximal strength, while the first is 
varied over the whole range from threshold to maximum for group I, and 
exerts a facilitating effect which increases with the size of the group I volley 
it sets up. The facilitation and the first spike of the group I volley increase 
with stimulus strength along virtually identical sigmoid curves, whereas in 
contrast the facilitation is almost fully developed before the stimulus is strong 
enough to initiate any appreciable second spike. 

Similar experiments with direct inhibition are illustrated in Fig. 4B, where 
likewise with increasing strength of stimulation the inhibition and the initial 
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spike increase along similar curves. In contrast, there is no correlation between 
( the second spike and the inhibition. An additional feature of Fig. 4B is the 
sampling of the inhibition by two different populations of motoneurones, those 
responding to a single volley and those responding after the temporal summa- 
tion of two excitatory volleys (cf. Bradley, Easton & Eccles, 1953). There is no 
significant change in the relationship of stimulus strength to size of inhibitory 
effect. 

It may be concluded that the group I fibres which have the lowest threshold 
) and which give the initial spike (Figs. 1-3 and 5) are the monosynaptic excita- 
tory fibres, i.e. the group Ia fibres from muscle spindles. Since the impulses 
giving the later spike exert no demonstrable monosynaptic excitation or direct 
inhibition, they may be assumed to be from the Golgi tendon organs and to 
| belong to the group 16 fibres (cf. Granit, 1950; Hunt & Kuffler, 19516; Hunt, 
1952; Laporte & Lloyd, 1952). 


Afferent growps Ia and Ib 


Table 1 summarizes the findings of our more detailed experiments on the 
double spikes, which have been identified by their respective reflex effects as 
being due to groups Ia and 1b. The conduction times for group Ia were 
\ measured from the stimulus to the first reversal of potential, i.e. at the change 


Taste 1. First eight entries for nerve to quadriceps muscle, the eighth having the nerve to rectus 


femoris removed. Last two entries for nerve to biceps itendi muscle 
time velocity Relative strengths 
ve 
bees yd (msec) (m/sec) threshold i 
(°C) (se) la Ib Ia la Ib 
1) ( (3) (4) (5) (6) (7) (8) (9) 
l 4-0 077 O92 104 87 16166 #£«14-23 1-4 
2 38-0 3-0 0-70 O88 114 9 101-75 145-25 1-5 
3 37-0 1-9 0-84 1-00 9 80 101-55 #4213 -21 1-25 
| 4 37-0 2-4 105 1-25 (14588 1:8 
5 36-7 3-2 0-82 1-00 9 80 £1015 1-55-2-45 1-45 
6 37-2 2-3 102 1:8 -3-05 1:8 
7 4-8 0-94 1-10  — 1462380 >1-35 
37-7 2-1 0-89 1-05 — 1-6 -2-7 15 
9 37-5 2-3 0-905 — — 106155 14-29 16 
10 -- 3-3 109 1-33 97 79 10-195 1-65-2-7 1-7 


from source to sink. This point could not be determined accurately for the 
group I6 spike on account of its superposition on the group Ia spike, so it is 
assumed that the respective spikes have a similar time course and the conduc- 
tion time for group Ib is calculated as the group Ia conduction time plus the 
interval between the two spike summits. The stimulus strengths are calculated 
relative to the threshold for group Ia, and it will be seen that maximum 

stimulation of group I fibres occurs at 2-1-3-3 times threshold, which parallels 
| the large range previously reported for the group I afferent fibres of biceps- 
semitendinosus nerve (Brock et al. 1951). Since the strengths of threshold and 
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maximum stimuli are difficult to determine accurately, a more reliable com- 
parison is given in the last column by the ratio of the strengths for half 
maximum stimulation. 

Entries nos. 9 and 10 in Table 1 are for the afferent fibres from biceps- 
semitendinosus muscle, which resemble those of quadriceps muscle (cf. nos. 1-8), 
as is also illustrated by comparison of Fig. 3 with Fig. 2. It was further found 
that the group Ia and Ib spikes were just as easily separable when the stimuli 
were applied to the individual branches of the biceps-semitendinosus nerve or 
the semimembranosus nerve. In view of the different functional significance 
of the double-joint component of quadriceps, rectus femoris, it was of interest 
to find that the double composition of group I spike was just as obvious in the 
afferent nerves from the vasti plus crureus (no. 8, Table 1) as from the whole 
of quadriceps. On the other hand, with the nerves to the leg muscles we have 
never observed a clear separation of the Ia and 1b components, e.g. with the 
afferents from gastrocnemius, plantaris, flexor digitorum longus, extensor 
digitorum longus, tibialis anticus. 


Monophasic recording 

Monophasic recording gives a more reliable assessment of the group Ia and 
1b spikes, and hence of the relative numbers of fibres in these two subgroups. 
As would be expected, the double spike of the triphasic recording is indicated 
merely by a flattening of the rising phase between the Ia and 15 components 
(cf. control record C, Fig. 5). As the first stimulus is progressively increased 
to maximum for group I, the initial Ia spike is seen to have progressively more 
of the later 1b spike superimposed on it. The double composition of the group I 
spike is illustrated by plotting the spike height against the stimulus strength 
(Fig. 6 A), the curve being clearly composed of two sigmoid curves, each of the 
type already illustrated for group I in the afferent fibres from the leg nerve, 
gastrocnemius (cf. Brock et al. 1951, fig. 2). 

As with Fig. 2, the spikes evoked by the testing stimuli in Fig. 5 make a 
more satisfactory analysis possible. The curves of Fig. 6B show the deficit of 
these spikes produced by various stimuli 0-68 msec earlier. With stimuli up to 
1-5 times threshold the deficit curve is a brief simple spike (the Ia spike) rising 
up to a summit in about 0-22 msec and having at most a small hump on the 
decline, so that the total duration is only about 0-6 msec. Stronger stimuli give 
a deficit clearly attributable to the superposition of the Ib spike about 0-2 msec 
later than the Ia spike. Probably the most satisfactory separation occurs with 
a stimulus strength of 1-53 times threshold, where the group I spike is separable 
into the two components of Fig. 6C. The second is the actual spike produced 
by the testing stimulus, and the first is calculated by subtracting this curve 
from the control maximum spike (cf. Fig. 6B), i.e. it is the deficit curve and 
gives the spike response with simultaneous excitation of those fibres that are 
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excited by a stimulus 1-53 times threshold. As shown in Fig. 6B, further 
: ) increase of this stimulus does not add significantly to the calculated spike over 
4 the first 0-2 msec of its course. It may be assumed, therefore, that in Fig. 6C 


20 25 30 


06 O8 10 12 1406 O08 10 12 1-4 
msec msec 
Fig. 5. Fig. 6. 

Fig. 5. Series of afferent spikes from same experiment as Fig. 2 (which was recorded a few 
minutes earlier) and under same conditions except that dorsal root had been severed and was 
being recorded from monophasically. Stimulus strengths for records 1-18 identical with those 
of Fig. 2. Time, 0-2 msec. 

Fig. 6. A: sizes of monophasic group I spikes are plotted as ordinates against stimulus strength 
relative to threshold as abscissae. Experimental series partly shown in Fig. 5. B: family of 
curves constructed from series partly illustrated in Fig. 5 by subtracting the spike evoked 
by the second volley from the control spike to the second volley alone, i.e. each curve is the 
deficit of response to the maximum second stimulus that is caused by the refractoriness 
following the response to the variable first stimulus. Strengths relative to threshold of group Ia: 
1-13, 1-34, 1-53, 1-60, 1-73, 1-93. Further description in text. C: separation as described in 
text of maximum group I spike into its group Ia and 1b components. The Ia spike has the 
shorter latent period and the hump on its declining phase was probably due to a small 
admixture of 1b impulses. 


the first spike includes all the group Ia fibres with perhaps a later addition of 
a small Ib component. The second spike is about 0-2 msec later throughout, 
and hence is restricted to group Ib fibres. The Ib spike is at least 20% higher 
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than the Ia spike. Since the Ib fibres may be assumed to be smaller than the 
Ia fibres, the actual discrepancy between the respective fibre counts would be 
expected to be still greater. This estimate conforms with the findings of Hunt 
& Kuffler (19515), who in contrast to Matthews (1933) found that the afferent 
fibres from tendon organs were relatively much more numerous, and approxi- 
mately equal in number to those from muscle spindles (cf. their fig. 9). The 
relatively large size of the Ib spike is also indicated in Figs. 1-3 which are 
characteristic of all our experiments with the afferent nerves from thigh muscles. 


DISCUSSION 


It would be expected that the clear separation of groups Ia and Ib would be © 
matched by a similarly clear separation in the fibre calibre spectrum. Lloyd 
& Chang (1948) give the only data on afferent fibres from thigh muscles which, 
with the possible exception of a component of quadriceps (vastus of their 
fig. 3), showed no tendency to be arranged into Ia and 16 subgroups. In view 
of the clear separation of these subgroups by criteria of threshold and conduc- 
tion velocity, it is surprising to find fibre calibre spectra indistinguishable from 
those of the afferent fibres of leg muscles where thresholds and conduction 
velocities conform with the fibre calibre spectra in failing to discriminate 
between groups Ia and Ib. Evidently this discrepancy makes it desirable to 
have fibre calibre spectra on the identical afferent nerves that have been 
investigated physiologically. 

In columns 8 and 9 of Table 1 the thresholds of group I fibres are shown 
to be on the average almost 50° above those of group Ia fibres. This is a 
large difference in view of the empirical finding that threshold is inversely 
proportional to fibre diameter (Blair & Erlanger, 1933; O’Leary, Heinbecker 
& Bishop, 1935; Rushton, 1951). On the other hand, the conduction velocity 
of group Ia is only about 20% above that of group Ib, which indicates a much 
smaller difference in the relative fibre diameters (about 20%), a difference that 
could be accommodated in the fibre calibre range of group I (cf. Lloyd & 
Chang, 1948). This discrepancy between relative values for threshold and 
conduction velocity could possibly arise on account of the electrical interaction 
between two such large subgroups as Ia and Ib. Katz & Schmitt (1939) 
showed that, when two giant fibres were immersed in a non-conducting 
medium, initially synchronous impulses in these two fibres tended to remain 
synchronous during propagation along the length of these fibres because the 
flow of currents in the respective ‘return circuits’ retarded the faster impulse 
and accelerated the slower. It is possible that interaction between the large 
auu nomogeneous subgroups Ia and Ib may have a similar effect because they 
are closely mixed together, and because the insulating epineural sheath 
(Rashbass & Rushton, 1949) likewise tends to restrict the return-circuits to 
the nerve fibres and other structures within the sheath. However, when 
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groups Ia and [6 are separated by the double-stimulus technique, no appre- 
ciable slowing in the Ib conduction velocity is thereby brought about (cf. 
Fig. 2, record 9), so this interaction may be presumed to be negligible. Hence 
it is likely that there is also no appreciable interaction between virtually 
synchronous group Ia impulses. 

The clear separation of groups Ia and Id in the thigh muscle afferents and 

their fusion in the leg muscle afferents invites an explanation. According to 
a principle of economy formulated by Rushton (1951), the diameter of fibres 
subserving any functional modality is set at the smallest value that is con- 
sistent with their effective functioning in respect of their conduction-time. 
‘Laporte & Lloyd (1951, 1952) have shown that the impulses of group Ib 
operate on motoneurones through one interneurone which involves a central 
delay of about 0-6 msec longer than for the monosynaptic path of the group 
Ia fibres, In the relatively short conduction path from the thigh muscles the 
group [6 impulses would lose a further 0-2-0-3 msec (the values of columns 3 
and 4, Table 1, being increased to allow for the whole length of the peripheral 
path) giving a total delay of 0-8-0-9 msec, which may be assumed to be optimal 
for the effective working of the group Ib modulation of the group Ia reflex arc 
(cf. Granit, 1950; McCouch, Deering & Stewart, 1950; Hagbarth & Naess, 
1950; Granit & Strém, 1951; Hunt, 1951, 1952; Laporte & Lloyd, 1951, 1952). 
If the same total Ia to Ib interval is also required for the effective reflex 
operation of the leg muscles, then the conduction times of the Ia and 16 sub- 
groups from the leg can likewise differ by only 0-2—0-3 msec. The much longer 
peripheral nerve path entails that the respective conduction velocities of 
groups la and Id should differ by no more than 10% instead of 15-20%. 
However, this explanation cannot be extended to the hip muscles, where the 
conduction distance is shorter than with thigh muscles, Preliminary experi- 
ments have shown that there the groups Ia and [6 are as inextricably mixed 
as for leg muscles, and not as would be expected still more separable than with 
thigh muscles. 

The principal significance of the present findings derives from their applica- 
tion to investigations of the functions of groups Ia and Ib. The following paper 
(Bradley et al. 1953) reports such an investigation on the inhibitory function 
of group Ia afferents of quadriceps nerve. It is, of course, not possible to 
investigate in like manner the function of group Ib impulses uncontaminated 
by group Ia, but, as shown in Fig. 2, record 9, and Fig. 5, record 9, it is possible 
to separate a pure Ib volley by almost 1 msec from a preceding Ia volley. Such 
a procedure should aid in the effectiveness of a study of Ib function by the 
method employed by Laporte & Lloyd (1951, 1952). 

The input-output relationship between afferent volleys and the mono- 
synaptic reflex discharges that they evoke has been investigated by Lloyd 
(1943) and Rosenblueth, Weiner, Pitts & Ramos (1949), but unfortunately the 
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input volleys were set up in dorsal roots and so were severely contaminated by 
cutaneous afferent impulses. More recently, Rall (1951) re-investigated this 
relationship and eliminated this contamination by employing afferent volleys 
from the nerves to leg muscles such as gastrocnemius. The maximum reflex 
response was evoked by a group I volley 70% maximum, and with a volley 
only half maximum the reflex was over 90% of its maximum. Hence Rall 
concluded that a large fraction of group I fibres, particularly those in the higher 
threshold range, exerted no monosynaptic excitation, which agrees with our 
observation that group I6 fibres usually outnumber group Ia. 
SUMMARY 

1. When afferent volleys are generated in the nerves to thigh muscles of cats 
and recorded from the appropriate dorsal root, the group I spike is almost 
invariably double with an interval as long as 0-2 msec between the two 
components. Though the conduction velocity of the later component is up to 
20% slower than the faster, it is still within the group I range. 

2. The two components show an even larger difference in respect of thres- 
holds, that of the slower being on the average about 50% higher. Occasionally 
the maximum for the first component is reached by a stimulus that is sub- 
liminal for the second. 

3. The first component appears to be entirely responsible for monosynaptic 
reflex responses, and its size is proportional both to the monosynaptic facilita- 
tory action and to the direct inhibitory action on antagonists. No trace of 
such actions can be demonstrated for the second component. 

4. It is concluded that the two components are groups Ia and Ib, being 
respectively the afferent fibres from muscle spindles and Golgi tendon organs. 
An explanation is offered for the high degree of separateness of these two 
components in the afferents from thigh muscles in contrast to their much 
greater admixture in the afferents from leg muscles. 
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In deriving the first curves for the time course of direct inhibition Lloyd (1946) 
used very weak stimuli for setting up the single inhibitory volleys and hence 
felt, justified in assuming that there was little contamination by group II 
impulses. The inhibitory action of the group I afferent volley was tested by 
the depression of a monosynaptic reflex spike which was evoked by a single 
excitatory volley at various intervals after the inhibitory volley. As the test 
interval was progressively increased from zero, the inhibition increased rapidly 
to a maximum at about 0-5 msec test interval and then more slowly declined 
along a curve that had approximately an exponential decay with a half-time 
of about 2-8 msec. More recently, Laporte & Lloyd (1951, 1952) have found 
that a group I inhibitory volley often produces an inhibitory curve that in its 
decaying phase deviates widely from this exponential form, but they attributed 
this deviation to the superimposed disynaptic facilitatory action of a group Ib 
volley, the assumption being that the uncontaminated group Ia volley always 
gave the inhibitory curve decaying exponentially with a half-time of 2-8 msec. 
However, it appears that only in a few experiments were Laporte & Lloyd 
able to demonstrate an inhibitory curve having this exponential decay, a 
disability which they attributed to the great difficulty in discriminating 
between the thresholds of afferent fibres belonging to groups Ia and Ib 
respectively. While this situation obtains for their field of investigation—the 
afferent nerves from leg muscles—there is a remarkable threshold discrimina- 
tion between the group Ia and [6 fibres in the afferent nerves from thigh 
muscles (Bradley & Eccles, 19536). In the present investigation advantage 
has been taken of this very favourable condition for discriminating between 
the central actions of impulses in Ia and Ib fibres. Single and repetitive volleys 
in Ia fibres or in Ia plus Ib fibres of quadriceps nerve have been employed to 
inhibit monosynaptic reflexes by a maximum group I volley in biceps- 
semitendinosus nerve. The inhibition produced by a pure Ia volley also proved 
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a very favourable situation in which to investigate the nature of the convulsant 
action of strychnine. A preliminary report of this latter investigation has 
already appeared (Bradley & Eccles, 19532). 


METHOD 

The general experimental procedure resembled that previously described (Brock, Eccles & Rall, 
1951; Bradley & Eccles, 19536). The animal (cat) was under light pentobarbitone sodium anaesthesia 
and the spinal cord was severed in the lower thoracic region. With the usual investigation on the 
inhibitory action of afferent volleys in quadriceps nerve, the testing reflexes were evoked by 
volleys in the nerve to the antagonist muscles, biceps femoris posterior plus semitendinosus, and 
recorded in § 1 v.n. (1st sacral ventral root). In some experiments a single volley produced a 
testing reflex that was too small and variable, so it was enhanced by a small excitatory volley 
preceding it by about 1-5 msec in the same nerve. So long as this facilitating volley itself failed 
to produce a significant reflex discharge, it was deemed improbable that it would cause any 
distortion of the inhibitory curve, and this expectation was borne out by experimental test. For 
example, single test volleys were employed in the curves of Fig. inepanalani 5 a facilitating 
volley preceded the test volley by a constant interval of 1-6 msec. 


RESULTS 
Time course of inhibition for single volley 
Typical series of records which have formed the basis of our inhibitory curves 


are illustrated in Fig. 1. Each record was formed by the superimposition of 
twenty faint traces so that random variations were fairly effectively smoothed 


Fig. 1. Inhibition by an afferent volley in quadriceps nerve of monosynaptic reflex discharge 
evoked in 8 1 v.n. by e volley in the nerve to biceps s. Records 1, 8 and 14 
show reflex spike evoked by biceps di volley alone; other records show the reflex 
inhibited by a preceding quadriceps volley at intervals indicated by the dorsal root spikes in 
the lower records. Stimulus to quadriceps nerve subliminal for group 16 and only exciting 
about 40% of group Ia. Time in milliseconds registered by gaps in lower line. 


out when the reflex spikes were measured to the summit height as indicated 
by the maximum density of the image. The fastest repetition at which a mono- 
synaptic reflex maintains its size is one every three seconds (Eccles & Rall, 
1951; Jefferson & Schlapp, 1953), so this frequency has been uniformly adopted 
in this investigation. Dorsal root volleys have been simultaneously recorded 
below the ventral root record, so that the volley interval as well as volley size 
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and composition could be directly assessed (cf. Bradley & Eccles, 19535). 
A more accurate measure of the mean reflex spike has been secured in our later 
experiments by employing a device which provided a faster time base for the 
superimposed records of the reflex spikes and a single trace at slower sweep 
speed for measurement of the volley interval. This procedure has always been 
adopted for volley intervals longer than 10 msec. Except for a few preliminary 
experiments the device of twenty superimposed images has been employed 
throughout this investigation. Every plotted point in Figs. 2-6 has been so 
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2. A: plotting of points from experimental series partly shown in Fig. 1, i.e. for an inhibitory 
curve generated by a pure group Ia volley. Ordinates, inhibited reflexes as percentages of 
control reflex spike ; abscissae, intervals between inhibitory and excitatory volleys as recorded 
by an electrode making contact with rostral part of L6 D.&. as it enters spinal cord. Broken 
line shows exponential decay from summit with a half-time of 2-8 msec. B: as in A and same 
experiment, but for open circles inhibitory volley was maximum for group Ia, group I} 
being negligible, while for filled circles the volley was maximum for both groups Ia and Ib. 
C: as for open circles in Fig. 2B, but in another experiment, the group Ia volley in quadriceps 
nerve being virtually maximum and group Ib negligible. Inset shows action potential of the 
quadriceps volley employed in contrast to a volley that was maximum for both groups 
Ia and 1b. D: Inhibitory curve as in A, but for another experiment, the inhibitory volley 
being a pure group Ia volley of about half maximal size in quadriceps nerve. 


derived, and has taken about 1 min to record. Controls of the uninhibited 
reflex were similarly recorded after every three or four test intervals. Thus the 
curve of Fig. 2A is derived from 700 responses and Fig. 2C from almost 1000. 

In Fig. 2A the plotted points have been derived from the series partly shown 
in Fig. 1. The inhibitory volley in quadriceps nerve was about 40% maximum, 
and, so far as could be observed from the triphasic spike in the dorsal root, it 
had no group 1b component (cf. Bradley & Eccles, 19536). With the open 
circles in Fig. 2B the quadriceps volley was maximum for group Ia and had 
a very small group 1b component, while with the filled circles the quadriceps 


80 
| 
20 2007 ¥ 
80 80 
40 Ps 
4 
20 1 
0 ~ 


DIRECT INHIBITION 477 


volley was maximum for both groups Ia and Ib. In Fig. 2C, as shown by the 
inset, there was a very small group Ib. component. The curves deviate from 
those of Lloyd (1946) and Laporte & Lloyd (1952) in the following features. 

The first sign of inhibition occurred with a volley interval of about 0-5 msec 
in Fig. 2 as against the zero interval reported by Lloyd. This difference is 
doubtless attributable to the different bases for the measurement of volley 
intervals. In Fig. 2 the volley interval was measured between the afferent 
volley spikes as recorded by an electrode on the rostral fraction of L6 p.R. at 
the locus of its entry into the cord, while the reflex spike was recorded in 
81 v.x. Thus the inhibitory volley had a descending intramedullary path of 
about 2 cm before it exerted its inhibitory action. Presumably the additional 
delay of 0-5 msec is thus explicable, for in Lloyd’s curves the plotted intervals 
represent actual intervals in the nucleus of the motoneurones that are being 
inhibited (Laporte & Lloyd, 1952). It has usually been impossible to detect 
any trace of the descending quadriceps impulses in the biceps-semitendinosus 
nucleus that they are inhibiting, so this method of measuring testing interval 
has been impracticable in most of our experiments. However, in several 
a very small spike has been detected immediately preceding (by about 
0-3 msec) the hyperpolarization that is induced in a motoneurone by an 
inhibitory volley (Coombs, Eccles & Fatt, 1953, unpublished observations). 
If the inhibitory curve is timed by intervals between this spike and the biceps- 
semitendinosus spike similarly recorded, zero time in Fig. 2 would be moved 
almost 1 msec to the right. The first sign of inhibition would occur with the 
excitatory preceding the inhibitory volley by about 0-5 msec, and maximum 
inhibition would almost be attained with simultaneous volleys. 

After the summit the inhibitory curve in Fig. 2A declined very rapidly, the 
inhibition being halved at 0-65 msec later, but thereafter it slowed progressively 
and became very slow indeed after 5 msec. With the larger group Ia volleys 
in Fig. 2B the inhibition was greater, but the time courses were similar. 
Possibly the large Ib volley in the curve with filled circles caused the slight 
deviation after about 1 msec from the curve with open circles, in conformance . 
with the disynaptic facilitation described by Laporte & Lloyd (1951, 1952). 
That effect would be expected to be small in our experiments on account of the 
depression of synaptic transmission by pentobarbitone. Fig. 2C is the most 
accurately defined inhibitory curve from our experiments, the successive half- 
times in milliseconds being 0-95, 0-95, 2-4. 6-1. Figs. 5A,, A, and A, show 
inhibitory curves from another experiment that conform closely to Figs. 2A 
and B. Finally, in Fig. 2D the inhibition has decayed to zero by about 15 msec 
and no further development of inhibition can be detected with intervals almost 
as long as 25 msec. The initial rapid decay (half-time 0-65-1-3 msec) and the 
progressively slower decay thereafter have occurred in eleven of our twelve 
experiments where the inhibitory effect of quadriceps volley on biceps- 
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semitendinosus motoneurones has been carefully plotted. In the remaining 
experiment the decay was approximately exponential with a half-time of about 
1-5 msec. In the ten of these experiments where a pure group Ia volley was 
employed, the progressive slowing was invariably observed (cf. Figs. 2A and 
D, and 5A,). Thus in our experiments the monosynaptic inhibitory curves for 
pure group Ia volleys have shown an initial rapid decline which progressively 
became much slower. The deviation from the standard curve described by 
Lloyd (1946) and Laporte & Lloyd (1951, 1952) is revealed in Fig. 2A, C 
and D, where the broken lines depict this curve decaying exponentially with 
a half-time of 2-8 msec. In Fig. 2A, and also in Figs. 2D and 5A, this deviation 
is certainly not attributable to the disynaptic excitatory action of a group 1b 
volley, and in Figs. 2B (open circles) and 2C it is most improbable that the 
small contaminating group Ib volley would have any significant effect. 


Time course of inhibition for repetitive volleys 

Since it now appears probable that inhibition is mediated by a chemical 
transmitting substance (Brock, Coombs & Eccles, 1952a, 6; Eccles, 1953), it 
is important to investigate the possibility of prolonged inhibitory actions 
attributable to the accumulation and consequent slow dissipation of this 
hypothetical substance. This has been attempted by investigating the time 
course of inhibition following repetitive inhibitory volleys. However, only in 
a relatively few experiments was it possible to employ group Ia afferent volleys 
that had no appreciable 16 admixture. During repetitive stimulation at 
a frequency sufficiently fast for summation of the inhibitory effects of suc- 
cessive volleys, i.e. above 200 per sec, there is a progressive increase in the 
threshold of the stimulated fibres; hence it was usually impossible to find 
a strength of stimulus selective for exciting only group Ia at the outset 
(cf. Bradley & Eccles, 19536) and yet strong enough to excite sufficiently large 
group Ia volleys for as many as ten stimuli. In some five experiments the 
inhibitory curve has been determined for volleys which have had. throughout 
little or no contamination by group Ib impulses. The progressively increasing 
threshold of the stimulated group Ia fibres always caused a considerable 
decline in the group Ia volley during repetitive stimulation, but these 
repetitive volleys were always directly recorded so that the degree of this 
decline could be assessed. Usually the volley size was almost halved by the 
tenth volley, so this was about the longest tetanus that was practicable. 

The inhibitory curves determined in this way have differed very much at 
the longer intervals. Prolonged inhibition was largest in the experiment of 
Fig. 3B and persisted for as long as 80 msec. Even after two or four volleys 
(Fig. 3A) there was a large prolonged inhibition. Unfortunately in this 
experiment the inhibition after a single volley was not tested at a sufficiently 
long interval (continuous line, Fig. 3B). Repetitive group Ia volleys produced 
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much less prolongation of inhibition in Fig. 4A, but the inhibitory curve 
(Fig. 4B) resembled that of Fig. 3B when the stimulus was increased so that 
the inhibitory volleys were maximum for both groups Ia and b. Finally, 
Fig. 4C shows the least prolonged inhibition (about 15 msec) after repetitive 
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Fig. 3. A: inhibitory curves obtained as in Fig. 2, but subsequent to two (©) and four (@) volleys 
at 3-6 msec apart. With the 2-volley series the curve is also shown for the first of the two 
volleys. Both these volleys are marked by arrows, which also signal the last two volleys of 
the 4-volley series. Volleys submaximal for group Ia with no detectable group Jb component. 
B: same series as A, but for single inhibitory volley (—) and ten inhibitory volleys at 
280 per sec (O—O) respectively. Abscissae, intervals after last inhibitory volley. 
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Fig. 4. A and B: inhibitory curves as in Fig.3 B, but in another experiment and after nine inhibitory 
volleys in quadriceps nerve at 210 per sec. In A the first volley was almost maximum for 
group Ia and virtually uncontaminated by group Ib, but progressive decline occurred during 
each repetition, the ninth volley being about 60% maximum for group Ia. In B the repetitive 
stimuli were 1-7 times stronger so that group Ia was maximum throughout and group 1b 
was almost maximum even with the ninth volley. C and D: as with A and B but in another 
experiment, the volleys in C corresponding to A and in D to B. Nine volleys at 210 per sec. 


group Ia volleys, but as shown in Fig. 4D the addition of maximum group [6b 
volleys caused little sign of prolonged inhibition, though there was probably 
the same hump just before 10 msec and a trace of the later prolonged inhibi- 

tion, much as occurred in Figs. 3B and 4B. 
In Figs. 3 and 4 it will be seen that, when there was prolonged inhibition, 
it was usually separated from a brief initial inhibition by a hump. This hump 
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has usually been observed when there was a considerable admixture of group Ib 
in the repetitive volleys (cf. Fig. 4B). It seems probable that such humps 
would be attributable to the disynaptic facilitatory action of group [6 fibres 
(Laporte & Lloyd, 1951, 1952), but in Fig. 3 such an explanation could hardly 
obtain because no group Ib component was detectable in the afferent volley 
(cf. Bradley & Eccles, 19536). In one other experiment, too, repetitive group la 
volleys evoked an early and late inhibition separated by a hump. The extreme 
variability in the duration of inhibition following repetitive inhibitory volleys 
suggests that there is no appreciable accumulation of the inhibitory trans- 
mitting substance, for such an effect would be expected to vary little from 
experiment to experiment. Rather does it seem that the prolonged inhibition 
is attributable to the continued bombardment of the motoneurones by 
inhibitory impulses for as long as 50 msec. Such prolonged actions would be 
vulnerable to the effect of the anaesthetic, pentobarbitone sodium used 
throughout our experiments, hence perhaps the variability between experi- 
ments. It is possible that group 1b impulses contribute to the prolonged 
inhibition, and even group II impulses could not be excluded in Fig. 4B, for 
example, because it would be difficult to distinguish between the thresholds 
of groups 16 and II (cf. Brock e¢ al. 1951). 


Action of strychnine 

In Fig. 5 quadriceps afferent volleys were set up by three strengths of 
stimuli, and A,, A, and A, are the inhibitory curves produced by volleys giving 
the spike potentials shown in the insets, being respectively about half maximum 
for group la, maximum for group Ia and maximum for groups Ia and Ib. 
After intravenous injection of 0-09 mg strychnine/kg the inhibition was 
greatly diminished (B, and B,), and a further diminution occurred after a 
second injection (0-08 mg/kg in C, and C,). Unfortunately a progressive 
decrease in the excitability of quadriceps nerve caused the inhibitory volleys 
to decrease from A, to B, to C, and from A, to B, to C,. When allowance is 
made for this decrease, there is still a large depression of inhibition (cf. Fig. 7 A). 
The maximum Ia plus Ib volley was not tested after 0-09 mg strychnine, but 
in the C, curve the initial small inhibitory effect appears to be reversed to 
facilitation after about 1 msec. The absence of this late facilitation in the C, 
and C, curves would suggest that it is due to the group Ib volley. This explana- 
tion has been further tested in Fig. 6 where the inhibitory curve shown in A 
was changed to curves B and C by dosages of 0-08 and a further 0-12 mg 
strychnine/kg respectively. The hump in curve A is presumably attributable 
to the disynaptic facilitatory action of the group Ib volley (Laporte & Lloyd, 
1951, 1952), an effect which progressively became more prominent as the 
initial inhibition was depressed by strychnine. a 

The effect of strychnine in diminishing the direct inhibitory action of 
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Fig. 5. A,, A, and A, are inhibitory curves plotted as in Fig. 2 and for the quadriceps volleys 
giving the action potentials shown in the insets being respectively about half maximum for 
group Ila, maximum for group Ia and maximum for both groups Ia and Ib. Strychnine 
) (0-09 mg/kg) given between series A and B and a further 0-08 mg/kg between B and C. Note 
progressive decline in size of Ia spike in two upper series, due presumably to an increase 
in threshold produced by strychnine. The combination B, was not tested. 
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Fig. 6, A, B and C are inhibitory curves for a quadriceps volley maximum for both groups Ia and 
1b, A being before strychnine and B and C after 0-08 and 0-12 mg strychnine/kg respectively, 
i.e, corresponding to A,, B, and C, of Fig. 5. 
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group Ia afferent impulses has been observed in all our experiments (fifteen 
in all), while in nine experiments the secondary facilitation (presumably of 
group Ib impulses) became more prominent as the inhibition was depressed. 
The size of the control value of the testing reflex spike was of importance in 
evaluating the significance of the changes in the inhibitory curves. If large 
changes had occurred, the inhibitory effect would have been signalled by quite 
different populations of motoneurones, which would at least reduce the 
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Fig. 7. Plots of test reflexes taken at the interval after the inhibitory volley giving maximum 
effect (of. Figs. 5 and 6) and expressed as percentages of control test reflexes (ordinates) 
against dosages of strychnine (mg/kg body weight: abscissae), A—-D show four experiments 
(A is from Fig. 5 A,, B,, C, and A,, B,, C,), in three of which two response-dosage curves are 
drawn, that with open circles being for a submaximum group Ia inhibitory volley with 
negligible 1b contamination, while with filled circles Ia is maximum and usually significantly 
maximum inhibitory y (cf. Fig. 5) is approximately allowed for in A by proportionally 
increasing the inhibition. . 


significance attaching to quantitative changes. However, in some experiments, 
e.g. those of Figs. 7A, B and D, strychnine produced virtually no change 
(less than 10%) in the size of the testing reflex spike, while in others there was 
a relatively small diminution, e.g. to about 65% for the whole range of dosage 
in Fig. 7C, hence our curves should suffer little distortion by this complication. 

Our most extensive dose-response curves are shown in Fig. 7, corrections 
being made for any changes that occurred in the size of the inhibitory volley 
(cf. Fig. 5). Attempts as in Figs. 7B and C to record the effect of a more finely 
graded dosage were distorted considerably in their later stages by the pro- 
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gressive decay of the earlier doses, i.e. with the heavier doses the curves should 
have approached much closer to the 100% line. A distortion in the opposite 
direction may be introduced by the secondary facilitation of group Ib impulses 
(cf. Fig. 6B and C). Since this facilitation apparently was not depressed by 
strychnine, it would be relatively much more effective in antagonizing the 
inhibition, though it is doubtful if its onset was sufficiently early to affect the 
peak of the inhibitory curve. In summary, Fig. 7 shows that a subconvulsive 
dose of strychnine (0-08 mg/kg) suppressed the direct inhibitory action by 
_ more than half, while with the heaviest dosage (up to 0-20 mg/kg) very little 
inhibition survived. 

Preliminary experiments have shown that strychnine also depressed the 
secondary inhibition exerted by muscular and cutaneous afferent impulses 
operating through polysynaptic paths, but often this depression was relatively 
less than with direct inhibition. Further investigation is desirable. 


DISCUSSION 


The deviation of our inhibitory curves from the exponential form of decay 
cannot be ascribed to distortion produced by the method of sampling that is 
implicit in the construction of an inhibitory curve. The testing reflex responses 
occurred in a considerable fraction of the biceps-semitendinosus motoneurones, 
and even at maximum inhibition a considerable fraction of motoneurones still 
responded in such curves as Figs. 2A and 5A,. Under such conditions the 
inhibited population of motoneurones would be distributed over an approxi- 
mately linear range of reflex excitation (Lloyd, 1945; Rall, 1952), and the 
number inhibited would be approximately in direct proportion to the intensity 
of inhibition, i.e. distortion would be negligible. It should further be pointed 
out that in such curves as Figs. 2C and 5B,, where a very deep inhibition 
could be introducing considerable distortion through sampling by the responses 
of only a small fraction of motoneurones remote from the linear range, the 
deviation so introduced would cause the change in inhibition to be more than 
the change in reflex response, i.e. the decay of the inhibitory process would be 
actually steeper than is indicated by inhibitory curves such as Figs. 2C and 
5B,. It is therefore justifiable to assume that our inhibitory curves plot 
approximately the time course of the inhibitory process on a motoneurone and 
show that the decay of this process usually deviates considerably from the 
exponential form. | 

Laporte & Lloyd (1951, 1952) were able in some experiments to plot an 
inhibitory curve which decayed exponentially with a time constant of about 
4 msec (cf. Lloyd, 1946). It appears that in most of their experiments this 
was not possible, and even the smallest inhibitory volleys produced inhibitions 
which decayed from the summit with time courses similar to those of Figs. 2 A, 
D and 5A,. They attributed this deviation from the exponential form of decay 
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to the disynaptic excitatory action of impulses in group Ib fibres, which had 
usually the same threshold range as the group Ia fibres and which acted as 
disynaptic excitors of antagonist motoneurones. Doubt can now be thrown 
on this explanation, at least in its entirety, because the inhibition generated 
by a pure group Ia volley usually showed just such a deviation from the 
presumed exponential curve (cf. Figs. 2A, C and D). Doubtless the disynaptic 
excitatory actions of group Ib impulses also contributed to the deviation from 
exponential at least in some of the curves of Laporte & Lloyd (cf. Figs. 2B, 
filled circles, and Fig. 6A above), but, in the absence of direct demonstration 
of an exponentially decaying inhibitory curve (only available in their fig. 13), 
it is no longer justifiable to extrapolate an anticipated inhibitory curve from 
the summit (as in Figs. 2A, C and D above), and ascribe all the deviation 
therefrom to disynaptic excitatory action (cf. figs. 11, 12 and 14 of Laporte & 
Lloyd, 1952). 

In investigating the nature of the inhibitory process, direct or primary 
inhibition is of particular significance because there is good evidence that it is 
generated directly on the motoneurone by the virtually synchronous action 
of impulses of the group Ia volley (Lloyd, 1941, 1946; Laporte & Lloyd, 1952; 
Brock et al. 1952a, 6; Eccles, 1953). Thus the time course of direct inhibition 
would give a mean index of the development and decay of the inhibitory 
process generated by a single inhibitory impulse operating at a single inhibitory 
synapse. It is, for example, probable that the more prolonged rise and decline 
of secondary inhibition is attributable to a prolonged temporal dispersion of 
the actual inhibitory bombardment of the motoneurones. 

There is now good evidence that both direct and secondary inhibition are 
caused by the hyperpolarization which inhibitory impulses induce in moto- 
neurones (Brock et al. 1952a, b; Eccles, 1953). The hyperpolarization associated 
with direct inhibition showed an approximately exponential decay with a time 
constant of 2-2-7 msec (mean about 4). There is thus a problem in explaining 
how this exponentially decaying hyperpolarization could account for the 
initially fast and later slowly decaying curves of direct inhibition. A possible 
explanation is that the inhibitory synaptic knobs are not distributed uniformly 
over the motoneurone, but are concentrated strategically close to the excitatory 
knobs whose action they inhibit. Under such conditions, in the region where 
inhibitory action was occurring, the inhibitory hyperpolarization would run 
a time course deviating from the exponential decay in just the way that has 
been observed for the inhibitory curve (Fig. 2A). The exponential decay would 
obtain for the hyperpolarization as a whole, as is observed with the intra- 
cellular electrical record, but not close to the foci where it was generated, as is 
excellently illustrated by the depolarization of the end-plate potential recorded 
at the motor end-plate (cf. Fatt & Katz, 1951, fig. 8), which initially decayed 
along a time course much faster than the electric time constant of the 
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membrane. On the other hand, if there were a completely random distribution 
of excitatory and inhibitory knobs over the surfaces of each motoneurone, the 
inhibitory curve would be expected to conform to the exponential form, decay 
occurring with the electric time constant (about 4 msec) of the membrane, as 
is sometimes observed (cf. Lloyd, 1946; Laporte & Lloyd, 1952). 

Sherrington (1905) first described and later analysed (Owen & Sherrington, 
1911) the reversal which strychnine produced in spinal reflexes, an inhibitory 
reflex thereby becoming excitatory. It appeared that this effect was the cause 
of the convulsant action of strychnine. Sherrington recognized that all the 
afferent volleys which he employed had mixed excitatory and inhibitory 
actions on the motoneurones of the test muscle. Hence he proposed two 
explanations, but was unable to distinguish between them at that time: that 
the excitatory impulses were rendered prepotent by strychnine favouring their 
central action and depressing the inhibitory; that strychnine actually ‘trans- 
formed the process of central inhibition into one of central excitation’. 
Subsequent investigations have been concerned with attempts to distinguish 
between these two alternatives by employing afferent inputs in which the 
inhibitory impulses were as uncontaminated as possible by excitatory. In 
convincing experiments Liddell & Sherrington (1925) found that a sub- 
convulsive dose of strychnine (0-08 mg/kg) did not reverse the inhibitory 
effect which was exerted on quadriceps motoneurones by stretching biceps 
muscle. The inhibition was made relatively a little smaller. Similarly, Cooper 
& Creed (1927) found that strychnine did not reverse the inhibitory effect 
exerted on quadriceps motoneurones by the afferent impulses set up by the 
active contraction of the hamstring muscles. There have been, in addition, 
several other reports of the failure of strychnine to reverse inhibitory actions 
which were believed to be virtually uncontaminated by excitatory (Magnus & 
Wolf, 1913; Bremer, 1925; Creed & Hertz, 1933; Denny-Brown, 1932; 
Bremer & Bonnet, 1942). Thus there has been convincing experimental 
evidence that strychnine does not transform central inhibition into central 
excitation (cf. the comprehensive review by Bremer, 1944). The general 
conclusion has been that the convulsant action of strychnine is attributable 
to the enhancement which it produces in synaptic excitatory action. 

However, there has been neglect of another possibility suggested by Owen 
& Sherrington (1911), namely that strychnine reversal may be caused at least 
in part by a depression of the central inhibitory process. Doubtless this neglect 
is attributable to the large inhibitory effects evoked in the strychninized 
nervous system by a relatively pure inhibitory input (cf. Liddell & Sherrington, 
1925). On the other hand, the simplest excitatory reflexes (the monosynaptic) 
are also very little affected by strychnine in subconvulsive doses, being often 
not significantly changed (cf. above), though there may be a small decrease 
or increase, effects which contrast with the large increase always produced in 
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the polysynaptic reflexes (Hoffmann, 1922; Kaada, 1950; Bradley & Schlapp, 
1950; Naess, 1950; Bernhard, Taverner & Widén, 1951; Scherrer, 1952; 
Brooks & Fuortes, 1952). Thus the simple hypothesis that strychnine causes 
an enhancement of all synaptic excitatory action must be rejected. 

The attempts to formulate explanations of the various changes which 
strychnine causes in the activity of the central nervous system will now be 
re-examined in relationship to the simplest effect it is known to have, namely 
depression of direct inhibition (cf. Figs. 5-7). How far is it possible to explain 
its various actions as resulting from a general depression of the central 
inhibitory process? Some illustrative examples will suffice to show that this 
simple explanation is plausible. 

Monosynaptic reflexes would be changed only in so far as there was a change 
in the background barrage of impulses on motoneurones. A general depression 
of inhibition would be expected to increase this barrage, hence the increase 
sometimes observed in the reflex. In our experience depression of mono- 
synaptic reflexes only comes on at a late stage or after high dosage and may 
be ascribable to deterioration of the condition of the animal. 

The large increase in polysynaptic reflexes (Kaada, 1950; Bradley & Schlapp, 
1950; Naess, 1950; Scherrer, 1952) would be attributable to the depression of 
inhibitory control at each successive synaptic relay in the reflex pathway. For 
example, cutaneous afferent impulses have mixed excitatory and inhibitory 
actions on both flexor and extensor motoneurones (Hagbarth, 1952; Eccles, 
1953). Depression of the inhibitory actions would cause increase in the flexor 
reflex, together with reversal of the inhibition usually exerted on extensor 
motoneurones (Owen & Sherrington, 1911), and in polysynaptic reflexes this 
effect would be cumulative at each stage of synaptic relay. 

In comparison with direct inhibition, indirect or secondary inhibition 
appears to be less depressed by strychnine or even enhanced (cf. Bremer & 
Bonnet, 1942), and thus the possibility arises that strychnine selectively 
depresses direct inhibition. However, the depression of indirect inhibition is 
exerted on motoneurones through polysynaptic paths, i.e. by way of several 
excitatory synaptic relays. If it is assumed that each of these synaptic relays 
on polysynaptic inhibitory paths is the site of a release by strychnine from 
inhibitory depression (cf. above), the total inhibitory bombardment of moto- 
neurones would be intensified and hence the indirect inhibition may be but 
little decreased or even increased despite the depression of the inhibitory effect 
exerted by any one impulse. Thus any changes produced in indirect inhibition 
must be interpreted with caution. 

Since there is now conclusive evidence against the Golgi-cell hypothesis of 
central inhibition (cf. Brock et al. 1952a, b; Eccles, 1953), the effect of 
strychnine need be discussed only in relationship to the action of an inhibitory 
synaptic transmitter. In view of the rapid onset of the strychnine action 
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(a very few seconds), the most probable explanation is that strychnine and the 
inhibitory transmitter compete for the same steric configurations on the 
inhibitory post-synaptic membrane, i.e. that the action is analogous to that 
generally believed to occur for curarine at the motor end-plate. Alternatively, 
strychnine could diminish the hyperpolarization produced by inhibitory 
impulses by acting further downstream, e.g. by antagonizing in some way the 
outward movement of cations which has been suggested as the cause of the 
inhibitory hyperpolarization (cf. Eccles, 1953). Whatever the eventual explana- 
tion of its action, it is evident that strychnine will provide a valuable means 
of investigating the nature of central inhibition. 


SUMMARY 


1. Direct inhibition has been investigated by using afferent volleys from 
the cat’s quadriceps nerve to inhibit monosynaptic reflex discharges from 
biceps-semitendinosus motoneurones. A single inhibitory volley in group Ia 
fibres only (the afferent fibres from muscle spindles) exerts an inhibitory action 
which decays with a time course that is very different from the exponential 
form with a time constant of about 4 msec, being initially much faster and 
later slower. As a consequence much of the evidence for the disynaptic 
- facilitatory action of group 1b impulses is no longer acceptable. The relation- 
ship of the actual decay curve to the electric time constant of the neuronal 
membrane is discussed. 

2. In some experiments repetitive inhibitory volleys were followed by an 
inhibition persisting for as long as 80 msec, but usually this effect is not 
attributable to group Ia fibres. There is thus no good evidence for the accumula- 
tion and persistence of the inhibitory transmitter substance that is assumed to 
cause direct inhibition. 

3. In subconvulsive doses, strychnine depressed selectively direct inhibi- 
tory action, 0-08 mg/kg reducing it to about one-third, while monosynaptic 
excitatory action was virtually unaffected. Larger doses almost abolished the 
inhibition. Strychnine also depressed polysynaptic or indirect inhibition. It 
is suggested that the convulsant action of strychnine is caused by this selective 
depression of inhibition. The possible ways in which strychnine could exert 
this depression are discussed. 
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PERFUSION OF THE CORONARY ARTERIES OF THE DOG 


By BRENDA M. SCHOFIELD anv J. M. WALKER 
From the Department of Pharmacology, University of Oxford 
(Received 20 May 1953) 


In studying the reactions of the coronary arteries, three conditions should, if 
possible, be fulfilled. First, the method used should enable the coronary flow 
to be made independent of arterial blood pressure; if this precaution is 
omitted, spontaneous fluctuations of blood pressure during the experiment 
cause changes in flow, making the record difficult to interpret, while drugs 
which elevate or depress the blood pressure cause changes in flow not 
necessarily due to their actions on the coronary vessels. A second condition 
is that flow should be recorded continuously, so that transient changes can be 
observed. Finally, there should be as little disturbance as possible to the 
experimental animal used. 

Numerous methods of studying coronary flow have been described in the 
literature (for a review see Wégria, 1951). We have perfused a branch of a 
coronary artery and measured the inflow using the perfusion apparatus and 
flow-meter devised by Dawes, Mott & Vane (1953). Blood from a main artery 
partially filled a reservoir and was pumped back through a flow-meter into 
a branch of a coronary artery. In this way the rate of flow did not depend on 
the arterial blood pressure, and any change in flow that occurred was therefore 
due to a change in resistance in the coronary system, i.e. a change in the size 
of the coronary vessels or in the pressure exerted on them by the extravascular 
tissues of the heart. Although the preparation involved a considerable opera- 
tion, the chest could be closed during the actual experiment. 


METHODS 


Dogs, anaesthetized either with chloralose (0-08 g/kg) or with pentobarbitone (20-30 mg/kg), were 
used, and artificial respiration was given, usually with a mixture of 95% O, and 5% CO, to ensure 
good oxygenation. The method of perfusion is shown diagrammatically in Fig. 1 and the operative 
technique was that described by Eckenhoff, Hafkenshiel & Landmesser (1947). The skin on the 
left side of the chest was first incised to expose the thoracic wall. The intercostal muscles in the 
spaces above and below either the 4th or the 5th rib were divided, each bundle of fibres being 
carefully ligated before being cut through. When the two interspaces were free of muscle and 
pleura, strong ligatures were tied firmly round the rib, one near the sternum and the other 
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7-10 om farther laterally. The rib was then divided with bone forceps in two places between these 
ligatures and the piece could be removed. Unless all the ligatures were carefully tied, troublesome 
bleeding occurred after heparin had been given. The pericardium was opened with # cautery, and 
the edges of the opening were sewn into the chest wall. A short length of the anterior descending 
branch of the left coronary artery was freed by careful dissection and prepared for cannulation, 
and heparin (20 mg/kg) was given intravenously. A cannula (C,) was then inserted into the left 
femoral artery and connected by tubing to the reservoir (R) of the perfusion apparatus (Fig. 1). 


AAAS 


To coronary artery From femoral artery 


Fig. 1. Diagram showing scheme of the coronary perfusion. C,, C,, cannulae; R, reservoir; 
P, pump; F, flow meter; M, manometer. 


The reservoir was fitted with a valve to prevent overflowing (for details see Vane, 1953). When the 

tion was complete, the apparatus, which had contained saline at 37° C, was completely 
filled with blood by running the pump (P) for a short time and allowing blood to flow out from 
the femoral artery to replace the saline. The total volume of blood outside the dog was about 40 ml. 
A small glass cannula (C,), already attached to the apparatus and filled with blood, was inserted 
into the coronary artery. The perfusion was then started immediately by switching on the pump. 
The actual cannulation had to be done quickly, for it was found that if the time between the tying 
of the coronary artery and starting the perfusion exceeded 1 min, ventricular fibrillation was 
likely to occur. When the perfusion was running satisfactorily, the wound was closed by sewing 
together the cut edges of the external pectoral muscles and of the skin. 

The systemic blood pressure was recorded from the right femoral artery, and injections were 
made either into the coronary cannula or into the femoral vein. The perfusion pressure was 
recorded by a manometer (M) attached as shown in Fig. 1. This pressure rose when the pum 
output was increased or when there was a greater resistance to inflow, e.g. caused by constriction 
of the coronary arteries; it fell when the pump output was diminished or when the coronary 
arteries dilated (see Figs. 2-4). The apparatus was heated thermostatically so that the blood 
entering the coronary artery was kept at 37° C. 

At the beginning of each experiment it was difficult to know at what rate blood should be 
delivered to the coronary artery. The usual procedure was to adjust the pump so that the mean 
perfusion pressure recorded at M was approximately equal to the mean systemic pressure. 

The proportion of the heart which had been perfused was found afterwards in the following way. 
At the end of each experiment the heart was removed from the chest and weighed. Indian ink 
was injected into the coronary cannula to mark the perfused portion, which was then cut out and 
weighed. It consisted almost entirely of left ventricular muscle and was between 2] and 44% by 
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weight of the whole heart. Assuming that the normal coronary flow of a dog at rest is about 
65 ml./100 g ventricular muscle/min (Goodale, Lubin, Eckenhoff, Hafkenschiel & Banfield, 1948), 
the normal rate of flow in each dog could be calculated and compared with the rate of perfusion 
in the experiment. Out of twelve experiments in which this calculation was made, the flow was 
correct in two, slightly higher than normal in one, slightly lower in seven, and much lower than 
normal in two. It appears, therefore, that in ten of these twelve experiments the rate of flow was 
of the right order. 


RESULTS 


Spontaneous variations in flow. As soon as the perfusion was started, 
coronary flow decreased gradually until it reached a steady rate from 5 to 
30 min later. This preliminary decrease was seen in fifteen out of seventeen 
experiments and resulted in a reduction of 20-60% of the initial flow. After 
this decrease, the rate of flow remained fairly constant. In some dogs there 
were small spontaneous fluctuations, which bore no relation to changes in 
arterial blood pressure, and for which there was no obvious explanation. They 
were rarely so pronounced as to interfere with the experiment. 

Adrenaline and noradrenaline. Small doses of adrenaline (0-1-2 ug) injected 
into the coronary cannula caused an increase in flow of 20-30% lasting about 
2 min, but had no effect on the blood pressure. Larger doses given by this 
route raised the blood pressure as well as increasing the coronary flow (Fig. 2). 
When adrenaline was given systemically there was usually no change in 
coronary flow. Sometimes, however, 4 large dose caused an increase which 
occurred about a minute after the injection (Fig. 3), and this effect could be 
seen after section of the vagi. After dihydroergotamine (2-5 mg intravenously 
and 0-15 mg into the coronary cannula) adrenaline no longer raised the blood 
pressure, but small doses still increased the coronary flow. 

Noradrenaline was as potent as adrenaline in increasing the flow. 

5-Hydroxytryptamine. When injected into the coronary cannula in amounts 
of 0-1-12 ug, 5-hydroxytryptamine creatinine sulphate increased the flow with- 
out affecting the blood pressure. It had about the same activity as adrenaline. 
Its action was unaffected by cutting the vagi. When 0-5 mg was given 
systemically there was a small rise of blood pressure sometimes followed, as 
in the case of adrenaline, by an increase in coronary flow. 

Acetylcholine. When acetylcholine (1-20.g) was injected into the coronary 
cannula there was an increase in flow greater than that seen after similar doses 
of adrenaline and 5-hydroxytryptamine, and lasting for about the same time 
(1-2 min). This effect on coronary flow was abolished by atropine (Fig. 4). 
In view of the marked action of acetylcholine, the effect on coronary flow of 
cutting and then stimulating the vagi was investigated. No change occurred 
when the nerves were cut; when the peripheral end of either was stimulated, 
there was a fall of blood pressure and slowing of the heart and also an increase 
of coronary flow. When 0-2-0-4 mg acetylcholine was injected intravenously, 
the effect was similar to that of stimulating the vagus. 
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stamine. Histamine increased coronary flow. In one dog, when 10 yg 
Big Sea coronary cannula, the flow rose from 17-5 to 26 mi. /min. 
After 9 min, when the flow had returned to normal, 6 mg mepyramine were 
injected intravenously, and 4 min later 10g histamine had the same effect as 
before. A further 5 mg mepyramine were injected, and after 3 min the dose of 


histamine was repeated. This time the effect was reduced by about half. 


ml./min 
14 


16 


Sk 


Fig. 2. Fig. 3. 
Fig. 2. Records from above downwards: inflow into coronary artery, arterial blood pressure, 
coronary perfusion pressure. Injection’ made into coronary cannula. 
Fig. 3. Records as in Fig. 2. The figure shows the effect of injecting a large dose of adrenaline 


intravenously. 

Pituitary (posterior lobe) extract. This markedly reduced coronary flow when 
injected into the cannula. In one experiment, for instance, 10 mU reduced 
flow by 15% and 20 mU reduced it by 30%, the effect lasting for about 4 min 
in each case. When pituitary extract was given intravenously the effects were 
much less obvious. After a latent period, during which the drug was pre- 
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sumably carried round in the circulation to the apparatus and so to the 
coronary cannula, there was a reduction in flow appearing gradually and 
lasting 5-10 min. Large amounts had to be given to obtain this effect, and 
out of eight experiments the smallest effective dose was 150 mU. 


Fig. 4. Records as in Fig. 2. Injections of acetylcholine made into coronary cannula. 
4 mg atropine given intravenously between the two injections. 


Nicotine. When nicotine acid tartrate was given systemically, there was 
usually no observable change in flow. When, however, doses of 0-2-2 mg were 
injected, there was a rise of blood pressure which was often succeeded by an 
increase in coronary flow. 


DISCUSSION 


The use of the perfusion apparatus and flow-meter of Dawes e¢ al. (1953), as 

described in this paper, appears to have certain advantages over other methods 
of studying the actions of drugs on the coronary system. It enables the 
coronary flow to be dissociated from the arterial blood pressure, and at the 
same time can be used in a dog with a closed chest. There are, however, 
features of the method which are open to criticism. In the first place, blood is 
pumped into a branch of the coronary artery at a pressure which varies 
slightly with each stroke of the pump. These variations, occurring in different 
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experiments between 140 and 230 times @ minute, are shown in the record of 
the perfusion pressure if the drum is made to move very quickly, though the 
manometer does not register the true values because of the inertia of the 
mercury (Fig. 5). It can be seen that the ratio of heart beat to perfusion pulse 


Fig. 5. Records from above downwards: arterial blood pressure, coronary perfusion pressure. 
Between the arrows the speed of the drum was increased. 


in this experiment was about 4:6. It is not known whether the coronary flow 
or the reactions of the coronary arteries to drugs would vary if this ratio were 
changed. It might even be possible to synchronize the pump with the heart 
beat, but then the result might depend on the point in the cardiac cycle at 
which the perfusion pressure was highest. These criticisms probably do not 
affect the conclusions of this paper, which is mainly concerned qualitatively 
with fairly large changes, but they nevertheless deserve investigation. 
A further limitation of any method which involves cutting into a coronary 
artery is that nerve fibres which may run in the vessel wall will be damaged, 
and reflex effects may be missed. 

There was a gradual reduction in coronary flow at the beginning of each 
experiment. There was no obvious reason for this reduction, but two possible 
explanations are suggested. First, during the actual cannulation, part of the 
heart is temporarily deprived of blood, and the ischaemia would dilate the 
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coronary arteries (Eckenhoff et al. 1947); when the circulation was restored 
this dilatation would pass off and flow would decrease. Another explanation 
is that the reduction was due to a slight change in temperature, for during 
cannulation the blood in the apparatus was stationary and may have cooled 
slightly ; this cool blood would dilate the vessels (Anrep & Hausler, 1929), and 
as the perfusion proceeded and the temperature rose the dilatation would pass 
off. 

Adrenaline, noradrenaline, acetylcholine and histamine, when injected in 
small amounts into the coronary artery in this preparation, all increased the 
coronary flow, and their effects were not altered by cutting both vagi in the 
neck. As there was no accompanying change in blood pressure or heart rate, 
there was probably no alteration in the pressure exerted on the arteries by the 
contractions of the heart muscle, and the increase was due to an active dilata- 
tion of the vessel walls. This conclusion has been drawn by most previous 
workers using other methods (for references seen Wégria, 1951). The action of 
adrenaline was not abolished by dihydroergotamine; that of acetylcholine was 
abolished by atropine and it may therefore be called a muscarinic action. The 
action of histamine was reduced by mepyramine, a result which agrees with 
that obtained by Dews & Graham (1946) in the heart-lung preparation. Alone 
of the substances tried, pituitary (posterior lobe) extract diminished coronary 
flow. 

Large doses of adrenaline given intravenously often increased the flow. The 
increase occurred almost immediately, while the rise in blood pressure was at 
its height, and before any adrenaline could have reached the coronary cannula 
by way of the perfusion apparatus; assuming there are no functional 
anastomoses between intact coronary arteries and those being perfused, the 
increase could not have been due to a direct action of adrenaline on the 
coronary vessels. A possible explanation is that the rise of blood pressure 
caused by the adrenaline increased the oxygen requirements of the heart 
muscle, and the relative ischaemia produced dilated the perfused rome 
arteries. 

Cutting both vagus nerves in the neck had no effect on coronary flow, a 
result which conflicts with that of Anrep & Segall (1926) who considered that 
the vagi carried tonic vaso constrictor impulses to the coronary arteries. 
Stimulation of the vagi either had no effect or increased the flow. This increase 
may have been due to the inhibition of the heart and consequent lowered 
pressure of the muscle on the arteries themselves, for if the heart was inhibited 
and the blood pressure lowered by injecting 0-4 mg acetylcholine intravenously, 
@ similar immediate increase in flow resulted. 

5-Hydroxytryptamine was about as potent as adrenaline in increasing the 

flow. It has much less action on the blood pressure than adrenaline, but its 

short action and tendency to tachyphylaxis (Freyburger, Graham, Rapport, 
32-2 
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Seay, Govier, Swoap & Vander Brook, 1952) would probably make it unsuit- 
able for use in coronary disease. It is interesting that earlier workers found 
that ‘vasoconstrictor substances’ in serum constricted the coronary arteries. 
Thus Janeway & Park (1912) found that serum or defibrinated blood caused 
isolated rings of both carotid and coronary arteries to contract, while adrenaline 
contracted the former and relaxed the latter. Again, Anrep & Hausler (1929) 
advised against the use in coronary perfusions of blood that had not been 
passed through a heart-lung preparation, otherwise ‘defibrinated blood 
causes vigorous and protracted vasoconstriction’. It appears that the effects 
observed by these workers were not due to 5-hydroxytryptamine, which is 
a potent coronary dilator. In two dogs in our series, defibrinated blood which 
had been allowed to stand was injected in small amounts into the coronary 
cannula and either had no effect or caused a slight increase in flow. 

Nicotine was injected intravenously to see if it caused a reduction in flow, 
for Biilbring, Burn & Walker (1949), recording flow with a Morawitz cannula, 
found that in the anaesthetized dog nicotine produced an initial increase 
followed by a prolonged reduction. They suggested that the reduction was due 
to liberation of the posterior pituitary hormone. In the experiments described 
here, however, nicotine caused a rise in blood pressure, often accompanied by 
an increase in flow, but never succeeded by a reduction. This result was not 
unexpected, since the smallest intravenous dose of pituitary (posterior lobe) 
extract which diminished coronary flow was 150 mU, and the nicotine was 
unlikely to liberate such a large amount. 


SUMMARY 

1. A method is described of perfusing the anterior descending branch of the 
left coronary artery of the dog and continuously recording the flow. It has the 
advantage that the flow is independent of arterial blood pressure, and it is 
therefore suitable for studying the effects of drugs on the coronary system. 

2. When injected into the coronary artery, small amounts of adrenaline, 
noradrenaline, acetylcholine, histamine and 5-hydroxytryptamine all increased 
coronary flow, probably by dilating the vessels; noradrenaline and 5-hydroxy- 
tryptamine were approximately equal in potency to adrenaline. The action of 
adrenaline was unaffected by dihydroergotamine, that of acetylcholine was 
abolished by atropine, and that of histamine reduced by mepyramine. 
Pituitary (posterior lobe) extract reduced the flow. 

3. When injected intravenously, large amounts of adrenaline and nicotine 
both caused a rise in blood pressure that was often accompanied by an 
increased coronary flow, possibly due to increased oxygen requirements of the 
heart muscle. 


4. Section of both vagus nerves in the neck had no effect on coronary flow. 
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Stimulation of the vagi or the intravenous injection of large amounts of 
acetylcholine caused an increase in flow, probably due to the concomitant 
inhibition of the heart. 


We are grateful to Dr W. Feldberg for a supply of 5-hydroxytryptamine. We are also greatly 
indebted to Mr O. B. Saxby and Mr I. N. Hooton, who built the apparatus, and to Mr Philip 
Edwards for his technical assistance. 
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Following upon Leksell’s demonstration in this laboratory (Leksell, 1945) of 
the exclusive role of the small-fibre efferents, his “y’ efferents, in determining 
the outflow of impulses from the muscle spindles, elucidation of their function 
has proceeded rapidly. Detailed knowledge of the peripheral mechanism, 
through which y excitation adjusts the bias on the sensory endings by causing 
contraction of the intrafusal muscle fibres, derives from the experiments of 
Matthews (1933) and of Kuffler and his co-workers, summarized by Kuffler & 
Hunt (1952). The part played by intrafusal muscle contraction in reflex action 
was first adumbrated in the penetrating hypothesis of Rossi (1927). Recently, 
several authors (Sommer, 1940; Hoffmann, 1951; Merton, 1950, 1951; Granit & 
Strém, 1951, 1952) have inferred an action of the y efferents, but direct evidence 
was first published independently by Hunt (1951) and Kobayashi, Oshima & 
Tasaki (1952) who recorded y impulses in motor nerve twigs and single fibres. 
Cerebral control of the muscle spindle was established by the work of Granit & 
Kaada (1952) who found that the ‘tonic’ background discharge could be 
selectively augmented in or suppressed from several structures in the central 
nervous system. In continuing their work we have dealt with a number of 
unsolved problems centring around the general question of the scope of this 
control and its significance in the proprioceptive regulation of muscular 
contraction. A preliminary account has already appeared (Eldred, Granit & 
Merton, 1953). 

Thus it is unknown to what extent supraspinal y control can display itself 
after cutting the dorsal roots. It has been claimed by Hunt (1951) that in 
spinal cats spontaneous discharge in y efferents ceases after de-afferenting that 
region of the cord. If this were true and applied also during stimulation of 
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higher centres, it would mean that de-afferentation had the same effect 
qualitatively on the y and the ordinary « motor fibres. Systematic use of 
de-afferentation in our experiments on decerebrate and anaesthetized animals 
has, however, disclosed striking differences between « and y motoneurones 
such as the servo-mechanism theory of the stretch reflex (Merton, 1953a) 
requires. 

In this paper impulses in y fibres are not themselves recorded, but the 
general effect of y activity is observed indirectly by its influence on the 
sensory discharge in a single spindle afferent isolated in a dorsal root filament. 
This technique was first used by Granit & Kaada (1952); in their investigation 
and in two others (Granit, Job & Kaada, 1952; Eldred & Hagbarth, 1953) the 
results were found to agree with direct recording of y discharge in the ventral 
roots or in motor nerve twigs. The advantages of this method are numerous. 
To isolate a y fibre and be certain to which muscle it was connected it is 
necessary to reduce fine motor-nerve twigs until only one small-diameter 
motor fibre is active; this is more difficult than to obtain a single large afferent 
in the dorsal roots. In addition, the information obtained from spindle 
afferents is of greater physiological interest, for what is significant for reflex 
- action is not the discharge in individual y fibres but the joint influence the 
several y fibres innervating a single spindle have on its response under the 
particular mechanical conditions prevailing. 

Mechanical conditions in the muscle and the effects of y discharge interact 
in a way that depends primarily on the anatomy of the spindle. A spindle 
consists of two contractile muscular poles (the intrafusal muscles) jointed by 
a non-contractile sensory portion. It is believed that the rate of discharge of 
the end-organ is determined only by the extension of this sensory portion. 
As the spindle lies among the main muscle fibres parallel to them and shares 
their attachments its length will change with theirs. In the absence of 
contraction of the intrafusal muscle bundle, the spindle sensory endings 
therefore record the length of the main muscle fibres (Sherrington, 1900; 
Fulton & Pi-Suiier, 1928). It does not record tension; indeed when the tension 
in the muscle rises during an isometric contraction the spindle slows, because, 
it is thought, the tendons are elastic and always permit some shortening of 
the actual muscle fibres. Impulses in y fibres are motor to the intrafusal 
muscle and extend the sensory portion by making the poles contract; but this 
action can be offset by a shortening of the spindle as a whole. Thus the spindle 
frequency is increased by y discharge and decreased by muscle shortening and 
by active contraction. When the y system is active the spindle signals the 
difference between muscle shortening and intrafusal fibre shortening. 

In this paper we utilize the special information in this signal in two ways. 
First, during reflexly induced active contraction it decides whether the main 
muscle or the intrafusal muscle is shortening the faster, i.e. whether y activity 
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precedes « activity. If the intrafusal muscle is in advance, the spindle 
accelerates during the contraction. If the intrafusal muscle is paralysed or 
lagging, the spindle slows. Such data (which provide a critical test of the 
servo theory of muscular control) are not to be had by leading from the y motor 
fibres themselves. It will be shown that the spindle (in these experiments) 
always accelerates during active contraction. As spindle impulses are known 
to excite the main motoneurones through the stretch reflex arc this result 
implies that the y system is activating the main muscle through the spindles. 
Secondly, by recording the signal from the spindle ending we can derive 
a quantitative estimate of y activity by measuring the bias that y discharge 
applies to the spindle. When y impulses cause the muscular poles of the spindle 
to contract, the sensory ending accelerates. But it will resume its former rate 
if the muscle be allowed to shorten the necessary distance. We can therefore 
regard the intrafusal contraction as ‘biasing’ the sensory ending so that it 
fires at the old rate at a new muscle length (cf. Kuffler & Hunt, 1952). The 
amount of shortening necessary, in millimetres, is the measure of the bias. 
On this principle measurements of bias have been made in resting preparations 
.at different muscle lengths (both with intact reflex connexions and after 
de-afferentation) and the scope of the maximum obtainable cerebral excitation 
and inhibition defined. In every case the bias is referred to the paralysed 
spindle after y influence has been finally removed by ventral root section. 

It is most straightforward to express bias as the frequency difference between 
biased and de-efferented spindle response at the same length. The present 
method, however, is superior for several reasons. Bias is a matter of intrafusal 
muscle contraction and should logically be expressed in mechanical terms. 
By so doing the answer is made independent of the precise characteristics of 
the sensory ending, for our method is in principle a null-method, the bias 
being defined as that shortening required to reduce spindle rate to the same 
frequency as the unbiased spindle at the original length. 

A further convenience is that when length/tension diagrams for passive and tetanized isolated 
spindles become available they can be applied (with certain other more simply measured 
quantities) to the present data to decide how hard the intrafusal muscles were contracting in our 
experiments ; whether, for example, a spindle was maximally tetanized during cerebral stimulation. 
With the present data it can be shown that if the spindle is assumed to have the same length/ 
tension diagram as is observed for the whole muscle, then the intrafusal muscle, when the spindle 
is heavily biased, is apparently exerting about four times the specific tension of ordinary muscle — 
maximally tetanized. It seems therefore that the length/tension diagram of the passive spindle 
is much flatter than that of ordinary muscle; this may be connected with a greater extensibility 
of the sensory portion. 

The final, but not the least, advantage of expressing bias as an equivalent 
shortening is the unique functional significance that this quantity possesses 
on the servo theory of muscular control. For, if it be accepted for the moment 
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that muscular shortening is initiated through the y system and the stretch 
reflex arc in the way outlined above, then the bias we measure is to the 
first order the actual shortening that would take place if the muscle were 
allowed to shorten isotonically. 


METHODS 


The cate used were either decerebrated or permanently anaesthetized with chloralose and dial. 
Decerebration was either by the classical trephine method or occasionally by the anaemic 
technique of Pollock & Davis (1930). In the anaesthetized animals an initial dose of 20 mg/kg of 
chloralose was given intraperitoneally while the operation was carried out under ether. After- 
wards dial was added by intravenous or intramuscular injection as needed, but never more than 
20 mg/kg. Laminectomy and craniotomy (when required) were performed, and both hind-limbs 
immobilized and denervated ; this involved section of the femoral and obturator nerves and the 
ileopsoas muscle on both sides, on one side only section of the whole sciatic nerve, and on the other 
side section of the hamstring, peroneal and popliteal nerves, leaving only the two branches of the 
sciatic to gastrocnemius and soleus uncut. In this preparation the second branch to soleus which 
arises from the popliteal nerve in the lower leg is sacrificed, but this will not adversely affect the 
results obtained here with that muscle. The magnitude of its stretch reflex must, however, have 
been reduced. Being chiefly interested in postural or ‘tonic’ types of activity we generally used 
soleus, feeling it to be more suitable for our purposes than gastrocnemius, but we also made 
observations on gastrocnemius when occasion arose. The two muscles and their tendons were 
carefully dissected apart and the skin sewn over them again. The limb was held rigid by a drill 
through the condyles of the femur and a clamp at the ankle, while the pelvis was steadied by pins 
inserted into both trochanters. Tension was recorded by a strain-gauge myograph to which the 
tendons were connected by stout thread. At maximum sensitivity 1 g represented 2-5 mm on the 
recording paper or 8-0 mm on the screen of the cathode-ray tube. 

The afferent fibres from gastrocnemius and soleus enter the cord mainly in dorsal roots L5-S1 
while the motor supply chiefly occupies ventral roots L6-S1. Since de-afferentation and de- 
efferentation were standard procedures it was an advantage not to have to sever too many roots 
later in the experiment. For this reason the whole of L4 and the ventral portion of L5 were 
usually severed intradurally. In some experiments all the contralateral roots from L5-S1 were 
cut. The spinal cord was sectioned behind S1, a step which also removes the variable influence of 
the tail, always a sound precaution with such an active organ in the decerebrate animal. The 
remaining roots were separated at the operating table and equipped with slings of coloured silk to 
aid identification when the time came to sever them. Single spindle afferents were isolated by 
splitting small dorsal root filaments; fibres from soleus can usually be found in the posterior and 
medial part of L7. The loss of one or two such filaments cannot appreciably have interferred with 
the sensory innervation of the muscle, and we therefore speak of animals in this state as having 
‘intact’ innervation. 

Structures in the brain were stimulated through a needle electrode, insulated to the tip, intro- 
duced by means of a Horsley-Clarke instrument. Millisecond pulses at a frequency of 300/sec 
were most often employed. Active spots were marked by an electrolytic lesion and identified 
histologically; for further details see Granit & Kaada (1952). 

On the cathode-ray tube the sweep interval was commonly | sec and each sweep lasted 
200-250 msec. For most purposes the impulses on four or five sweeps (representing 1 sec) were 
counted to provide an average value for the spindle frequency. A continuous record was also run 
on a second tube and used for events of more phasic character, such as frequency counts during 
stretch. 

In every experiment each spindle ending was identified as such by observing the pause in its 
discharge during a muscle twitch elicited by a shock to the motor nerve (Matthews, 1933; Fulton 
& Pi-Sufier, 1928). Most spindles in active preparations also showed a pinna reflex (Granit et al. 
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1952) and this when it happens again gives a positive identification. No sensory endings have ever 
been observed to give a pinna response and not a pause. 

No steps have been taken in this work to distinguish between primary (annulo-spiral) and 
secondary (flower-spray) spindle endings (Matthews, 1933; Merton, 19536), but it is probable that 
as we always selected the largest available spikes they came from primary endings. 


RESULTS 


The behaviour of a spindle receptor in a muscle which has its nervous con- 
nexions to the spinal cord intact differs strikingly from the familiar rhythmic 
response to stretch which is seen with isolated muscle (Matthews, 1933). In 
the intact preparation irregularity is the outstanding characteristic, the spike in- 
terval often varying discontinuously from spike to spike (Fig. 1 A and B, Fig. 6 A 
and B). This is immediately obvious by listening to the discharge in a loud- 
speaker. In addition to these rapid variations the mean rate changes over 
periods of a second or two, while in lively preparations large alterations in 


c/s 


Fig. 1. Effect of activity in y motor fibres on spindle discharge. A, irregular disciarge before and 
during a 10 mm stretch. Note rhythmic bursts. B, samples at high myograph sensitivity to 
show irregularity in the absence of any corresponding muscle contraction. C, same spindle 
ne att Spindle in gastrocnemius. Myograph on second trace. (Spikes 


rate may take place, often rapid in onset, and lasting perhaps a minute or longer. 
Hunt (1951) has observed similar changes in y discharge correlated with 
waxing and waning of rigidity. 

Such spontaneous fluctuations in spindle discharge occur even though the 
muscle tension observed at the extreme sensitivity of the myograph remains 
quite constant (Fig. 1B), clear indication that the fluctuations reflect the 
degree of activation of the spindle by tonic y efferent discharge and are not 
due to muscular movement. (When there is an inconstant muscular contraction, 
as for example in Fig. 104, no conclusions can be drawn.) In an occasional 
preparation we seem in fact to hear more directly the effect of y discharge, 
when, in contrast to the customary arhythmicity, the spindle response is 
accelerated at regular intervals, each burst presumably corresponding to a 
single intrafusal twitch (Fig. 1 A, last part). When, in the usual case, no rhythm 
1s apparent it is possible that the spindle is activated by rhythmic but 
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asynchronous discharge in several y fibres; alternatively there is evidence 
(Granit & Kaada, 1952, fig. 11; Eldred & Hagbarth, 1953, fig. 2) that indivi- 
dual y fibres may themselves discharge irregularly. 

In each experiment the quantitative estimation of y effect has to await the 
final de-efferentation which reveals the characteristics of the unbiased end- 
organ. At the outset, however, the responsiveness of the preparation can be 
roughly gauged by simple tests. With the muscle disconnected from the 
myograph and lying quite slack any spindle which maintains a resting dis- 
charge of more than five or ten impulses per second will probably prove to be 
biased by y activity, particularly if the discharge shows the characteristic 
irregularities already described. Failing a spontaneous discharge, activated 
spindles usually have a low threshold and give rapid (often irregular) dis- 
charges when lightly pulled upon. It was our habit after isolating a spindle 
and at frequent intervals throughout the experiment to test the effect of 
twisting the pinna (Granit et al. 1952). Nothing more elegantly demonstrates 
that a spindle is under the sway of the reflex centres than to hear it (without 
any change in muscle tension) slow and stop as the experimenter pinches up 
the ear, and then on release accelerate transiently to a rate much above the 
initial level. Occasionally a spindle is met with that does not appear to be 
subject to y influence. The cause of this is usually obvious; too much anaes- 
thetic, the animal moribund, or the spindle itself sick. A symptom of deteriora- 
tion is that the spindle discharge decays rapidly to zero when a weight is hung 
on the tendon; it ought to be nearly indefatigable. The muscle must be kept 
warm. 

Alternative explanations may be offered for spindle endings that are apparently indifferent to 
y control, In soleus the efferent supply may have reached the spindle in the distal motor nerve 
which we cut. Again the secondary sensory endings (flower-spray) are applied to the partially 
contractile myotube region and are thought, from the experiments of Matthews (1933), not to be 
excited by y discharge, so that if impulses were recorded from such an ending they would probably 
be uninfluenced by y activity, or even slowed. 

y activity estimated by de-efferentation 

In a series of experiments the spindle response was recorded and the rate 
measured during stretches of varying extent. After de-efferentation these 
measurements were repeated and in nearly every case a great fall in spindle 
sensitivity was apparent, the extent of which is an index of the bias that 
intrafusal contraction had applied to the sensory ending. Typical results for 
static stretch are shown in Fig. 2, from a spindle in gastrocnemius, and Fig. 3, 
from one in soleus. Both are from the same animal, a perfect decerebrate 
preparation, reliable for several hours. The contralateral side had been 
immobilized by segmental de-afferentation at the operating table. Before the 
final de-efferentation the effect of cutting the dorsal roots was also studied, 
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Spindle discharge frequency (impulses/sec) 


Muscle extension (mm) 
Fig. 2. Discharge frequency of a spindle in gastrocnemius at various extensions. The effect 
of cutting first the dorsal and then the ventral roots. Decerebrate cat. 
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Spindle discharge frequency (impulses/sec) 


Muscle extension (mm) 


Fig. 3. Discharge frequency of a spindle in soleus at various extensions. The effect of 
i the dorsal and then the ventral roots. Decerebrate cat, the same 
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but these results are discussed later. In this experiment the muscle was 
stretched to predetermined tensions by slowly shifting the strain gauge by 
means of a screw. The corresponding lengthening was noted on a millimetre 
scale on the strain gauge slide. All measurements in this and subsequent 
experiments on static stretch refer to the relatively stationary state after the 
initial rapid adaptation of the spindle is over and the stretch reflex has settled 
down to a constant, possibly zero, level. In the present experiment there was 
no stretch reflex in gastrocnemius at the time records were taken. Soleus 
probably had some stretch reflex but it could not be measured with certainty. 
After de-efferentation there could of course be no reflex, but all muscles 
showed a small viscous yielding after stretch which was allowed to finish 
before records were taken. 

The method of measuring y bias as an equivalent length has already been 
described. The bias is that shortening which reduces the rate of the biased 
spindles to that of the unbiased de-efferented spindle at the original length. 
To carry out the measurement strictly in accordance with this principle the bias 
must be held constant while a plot of frequency against extension is made. 
From this plot the required shortening can subsequently be found when the 
values for the de-efferented spindle have been obtained. In general, however, 
the bias is varying in an unknown manner so the plot cannot be made. 
Fortunately a convenient relationship, apparently not noticed by previous 
investigators, enables the shortening to be estimated. It is observed that an 
approximately linear relationship exists between spindle frequency and muscle 
extension (see Figs. 2 and 3, the curves for de-efferented spindles). Any 
frequency difference therefore corresponds to a certain extension; thus the 
extra frequency that y activity adds at any given extension may be expressed 
at once as the shortening that would be necessary to reduce the rate to that 
found after de-efferentation. To derive the bias in this way is equivalent to 
drawing in the frequency/extension plot for the biased spindle by taking one 
point on it and an assumed slope. Uncertainty enters here because, as we shall 
see, there is evidence that the slope itself may increase with the bias. In 
practice the slope for the de-efferented spindle has generally to be used. 

A rough proportionality between spindle frequency and (static) extension might be anticipated 
from a consideration of the type of information the spindle needs to supply. The function of the 
gastrocnemius and soleus muscles in posture is to raise the hind-quarters of the animal by 
extending the ankle joint. If equal increments of elevation are to have the same sensory significance 
at all starting-points they must produce equal changes in spindle discharge frequency. The 
geometry is such that this will roughly correspond to the same relationship between increments 
of muscle extension and frequency, and this is what is observed. An indistinguishable result 
would be achieved if spindle frequency were actually proportional to the logarithm of muscle 
length, for the physiological range of extension is only about 25% of the total length and the 
logarithmic function between 1-00 and 1-25 approximates closely to a straight line. 

The observation of Matthews (1933) (see also, van Leeuwen, 1949) that spindle frequency is 
proportional to the logarithm of applied tension is explained by the fact that muscle departs so 
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far from Hooke’s Law that extension itself is approximately proportional to log. tension (Fig. 4). 
Frog muscle behaves similarly (Buchthal, 1942; Hill, 1953), Katz (1950) found that spindle 
frequency (in the frog) was proportional to the depolarization at the terminals (fig. 10). He also 
plotted depolaffiation against extension (fig. 9) and drew » logarithmic-shaped curve through the 
indle. In using the ion equation to transform Katz’s fig. 9 to a cy against 
the points appear most conveniently to lie on a straight line. 


Soleus (Fig. 15) 


200 — Gastrocnemius (Fig. 2) 


2 4 6 8 10 12 14 16 18 


Muscle extension (mm) 
Fig. 4. The relation between extension and log. tension for the muscles of Figs. 2, 3 and 15. 


The results plotted in Figs. 2 and 3 show that both spindles were biased by 
tonic y activity at all extensions, the curves for the intact (open circles) lying 
wholly above those after de-efferentation (filled circles). In gastrocnemius \ 
(Fig. 2) the slope of the de-efferented curve is 1-2 impulses/mm. The frequency _ 
differences for the intact and de-efferented curves run from 3 impulses/sec with 
the muscle slack to 19 impulses/sec at 19 mm extension, with a mean of 
11 impulses/sec. The bias therefore varies from 2-5 to 16 mm, but over the 
central part of the range it has a value of about 10 mm. In soleus (Fig. 3) the 
slope is 2:8 impulses/mm. The bias is more constant than in gastrocnemius 
and has a mean value of 7 mm. In soleus bias falls off at the highest tension, 
a more common occurrence than the reverse seen in gastrocnemius. 

The gastrocnemius spindle had an exceptionally high spontaneous rate after 
de-efferentation. The mean increase of rate due to bias was about 25%. In 
soleus, on the other hand, the spontaneous rate was low and bias nearly 
doubled the rate. The bias, however, was nearly the same in the two spindles. 

This may be a reflexion of the fact that the present method of measuring bias 


tends to be independent of the particular characteristics of the sensory endings 
themselves. 
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In other experiments of this type, both on decerebrate and anaesthetized 
cats, it has been the rule to find that the spindles are biased at all degrees of 
stretch from zero upwards. De-efferentation is thus characterized by a sharp 
change in the properties of the spindle. The sensitivity drops, i.e. the threshold 
rises, and the discharge becomes regular, if there is any spontaneous discharge 
left. This may not be the case at low tension or with the muscle slack. A few 
spindles retain their original threshold at low tension but do not respond to 
static stretch with as high frequencies as before. 
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Spindle discharge frequency (impulses/sec) 


2 4 6 8 10 12 14 
Muscle extension (mm) 
Fig. 5. Check of de-efferentation by curare. The de-efferented curve of Fig. 3 compared 
with that obtained after a paralytic dose of p-tubocurarine. 


It is essential in this type of experiment to be certain that de-efferentation 
is complete; if a single y fibre escapes it may invalidate the whole argument. 
In those preparations which had an active pinna response its abolition was 
taken to be confirmation that all the ventral roots had been successfully cut. 
In one experiment a prolonged search for surviving filaments was necessary 
before this was achieved. When exciting or inhibiting the spindle by electrical 
stimulation of points in the brain it was of course checked that such effects had 
completely ceased after de-efferentation. In the cat from which Figs. 2 and 3 
were obtained an additional check was made by curare. Curare blocks both 
a and y end-plates practically simultaneously (Hunt, 19524; Granit, Skoglund 
& Thesleff, 1953). p-Tubocurarine was therefore given intravenously until the 
muscle twitch, observed at high sensitivity of the myograph, disappeared. 
In Fig. 5 the curve of spike frequency against extension is compared with that 
obtained after de-efferentation. Only at maximum tension is there some 
difference between the two curves, the drop at maximum tension with curare 
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probably being due to the well-known fall in blood pressure after curarization. 
The spindles are particularly sensitive at high tensions to variations in the 
circulatory state (Matthews, 1933). Clearly, then, for this spindle, de-efferenta- 
tion was complete. Furthermore, it can be said that injury discharges in 
y fibres from the cut peripheral ends of the ventral roots did not complicate 
the results. As a precaution against such an eventuality 10 min were allowed 
after de-efferentation before records were taken. 


D [28 


Fig. 6. Effect of y activity during phasic stretch. Records from a gastrocnemius spindle. A, 
muscle slack and then extended 10mm. B, continuation of A after a break of 10 sec. 
C, a similar stretch after cutting the ventral roots, smaller myograph excursion due to 
absence of stretch reflex. D, continuation of C after a break of 32 sec. Same spindle as in 
Fig. 1. (Spikes retouched.) 
Phasic stretch. In order to obtain a more complete picture of the effect of 
y bias on the spindle’s response, a number of experiments were carried out in 
which the muscle was stretched rapidly. For this purpose the strain gauge was 
mounted on rollers and could be moved by hand for a given distance between 
two stops. The movement was uneven so comparisons of behaviour are not 
possible until extension ends. Records obtained in this way before and after 
de-efferentation are presented in Fig. 6 (Fig. 1.4, was also from the same experi- 
ment). In each case the extension was 10 mm. The position of the inner stop was 
set so that the muscle was just slack and was not altered throughout. With its 
efferent supply intact (records A and B) the spindle maintains an irregular 
resting discharge of about 40 impulses/sec, which is considerably accelerated 
for the whole duration of stretch. After de-efferentation there was no 
spontaneous discharge and the rate during stretch was much lower; notice also 
its regularity (records C and D). Due to the stretch reflex the rise in tension 
was approximately twice as large before de-efferentation. The extra tension 
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from the reflex was approximately 170 g at the beginning and still 150 g at the 
end of the 13 sec stretch. During stretch the spindle gradually slows down from 
its initial accelerated rate, a process conveniently referred to as adaptation, 
although even after de-efferentation it is not clear how much may actually 
be due to mechanical changes in the muscle associated with the slow fall in 
tension observed at the same time. In the present records and in those from other 
eats, there is no evidence that the time constant of adaptation is any different in 
the intact and de-efferented preparations. This implies that y bias on the spindle 
does not fall off during a prolonged stretch reflex, for if it did there would 
certainly be an apparent increase in the rate of adaptation. Thus the y 
machinery not only raises the sensitivity of the spindle but can, as we have 
also seen in other experiments, maintain indefinitely its enhancing influence 
under all conditions of stretch and tension. The activated spindle is a very 
much more flexible and responsive instrument than its paralysed de-efferented 
counterpart. 
Effect of de-afferentation on y activity 

It was established by Sherrington that postural contractions of muscles, 
particularly those of the hind-limb, are greatly dependent on the proprio- 
ceptive inflow. After section of the dorsal roots decerebrate rigidity almost 
vanishes and the « motoneurones also become less accessible to some other 
forms of reflex stimulation. The y motoneurones we have found to behave 
quite differently. After de-afferentation the spindle may have even greater 
tonic y bias than before and is just as easily influenced reflexly, or by electrical 
stimulation in the brain. Thus it is impossible to tell from the behaviour of the 
spindle whether the muscle has its afferent connexions intact or not. All the 
signs of y activation usually remain, irregular discharge, high spontaneous 
firing rate (or low threshold if silent) and a brisk reaction to twisting the pinna. 
Sometimes they may appear accentuated, at others diminished; for example 
an irregular discharge may become regular. 

The pinna reflex illustrates in a simple way the difference between the « and 
y motoneurones. In active preparations an energetic elicitation will often 
cause the y outburst to be accompanied by discharge of « fibres and move- 
ments of the hind-limbs and tail (when they are not denervated). After 
de-afferentation it is practically impossible to obtain any muscular contraction 
but the acceleration of spindle discharge through the y efferents remains. We 
shall have occasion to mention similar distinctions in several instances. 

Static stretch. The effect of de-afferentation on the response of a gastrocnemius 
and a soleus spindle at varying tensions is shown in Figs. 2 and 3 (crosses). 
We must add to the previous description of this experiment that after taking 
the records for the ‘intact’ curve the cat was given ether for 5 min and the 
remaining ipsilateral dorsal roots then severed. There was no spinal bleeding 
afterwards. (L4 was cut previously and the spinal cord severed behind 81; 
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contralateral dorsal roots L4-S 1 had also been cut.) Half an hour was allowed 
for recovery before recording was resumed. 

It is seen. that in gastrocnemius (Fig. 2), de-afferentation, so far from 
abolishing the bias on the spindle, actually has somewhat augmented it; 
notice particularly the increase at the two greatest extensions. Such an 
increased rate of firing after de-afferentation with the largest extensions has 
been a frequent feature in our experience and probably reflects the removal of 
inhibition of y discharge which would have been present during stretch with 
afferents intact, as described by Hunt (1951). In some animals there was a drop 
in spindle rate after de-afferentation, but not down to the de-efferented level 
(Fig. 9). In soleus (Fig. 3) the acceleration at the right-hand end of the graph 
is so sudden and pronounced that we hesitate to attribute it entirely to release 
from inhibition and it seems probable that these five successive records 
coincided with one of those spontaneous outbursts of y activity already 
described. From the present point of view, however, the essential fact is that, 
whatever the source of the rise in this particular case, it very clearly shows 
that de-afferented spindles can respond excellently to tonic activation. Hence 
the y fibres cannot have been silenced by de-afferentation. 

The mean bias during these five records rises to the improbable value of 
42 mm if calculated with the frequency/extension slope of the de-efferented 
spindle. An experiment to be described later gives reason to suppose that 
with this large frequency difference a greater slope would be more appropriate, 
giving a true bias of about a third of the above figure. Even this rough value 
(14 mm) corresponds to a shortening of the muscle 5 mm below its resting 
length. 

Autogenetic inhibition of y motoneurones by stretch. The inhibition of y 
activity by stretch was more forcibly brought out in another experiment in 
which the discharge patterns of single spindles were followed continuously 
during slow stretch: As autogenetic inhibitory afferents for a single muscle 
enter the cord widely over several segments it is an advantage in this type of 
experiment not to denervate the limb. After decerebration a single dorsal 
root filament was taken for dissection, no other roots being touched. The 
Achilles tendon was not detached from the calcaneus but the ankle extensors 
(gastrocnemius and soleus) were stretched by manual flexion of the ankle to its 
limit. Fig. 7 shows records from the split dorsal root filament containing one 
active spindle afferent and one fibre from a Golgi tendon organ. Record A 
identifies the two end-organs by their responses during a muscle twitch (no 
myograph record, but the twitch would occupy the left-hand half of the trace): 
the Golgi (large spike) accelerates during the twitch, whereas the spindle 
(small spike) pauses. At the right of the figure a series of five records (K-O) 
confirms the nature of the small spike by its acceleration from the resting 
rate (K) during twisting of the pinna. Records B and C-J show the resting 
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rate of the spindle and the behaviour during progressive slow flexion of the 
ankle. Flexion could be felt to elicit a powerful stretch reflex. The greatest 
tension is reached in record H when the tendon organ achieves its peak, but 
by this time the spindle has passed its maximum rate (300 per sec in record @) 
and in the final record (J), despite the further stretch that has taken place, 
the spindle has slowed almost to the resting rate it had at the beginning of 
stretch. At the same time the muscle tension has dropped sharply (lengthening 
reaction) as evidenced by some slowing of the Golgi ending. Similar results 
are shown in Fig. 8 from another spindle in the same muscle. Here the actual 
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Fig. 7. Inhibition of y discharge by stretch. Records from a spindle (small spike) and a Golgi 
tendon organ (large spike) in the ankle extensors. A, responses during twitch (no myograph). 
B, base-line discharge with ankle fully extended C—J, responses during slow continued flexion 
of the ankle. K, second base-line. L—O, response during twist of pinna. Decerebrate cat. 
(Spikes retouched.) 
spindle frequency is plotted throughout a similar slow flexion of the ankle 
lasting 35 sec. This picture is of interest because it shows a period of rivalry 
with excitation and inhibition pitted against each other before inhibition 
finally overwhelms. The sequence of events in these two figures can only be 
interpreted by supposing that y activity sensitizes the spindle for the greater 
part of flexion but is removed, or greatly diminished, towards the end 
(Fig. 77). In a de-afferented muscle a spindle merely accelerates slowly and 
continuously during ankle flexion. It is to be noted that the concomitant 
stretch reflex will tend to mask rather than to accentuate the effect of y bias, 
for it is known from Matthews’s (1933) work that active contraction tends to 
slow the spindle, an effect attributed to elasticity in the tendons. A stretch 


reflex will, therefore, diminish the rate in records C-H as compared with J 
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where the stretch reflex has been inhibited. This is the reverse of what is 
observed. Hence the presence of a stretch reflex cannot account for the results. 

Two further points in Fig. 7 merit attention. First, the very high rate of 
300 per sec during slow stretch which the spindle can attain under the influence 
of y bias. Such a frequency could only be seen as a transient burst from jerking 
the muscle if it were de-efferented (cf. Matthews, 1933, p. 17). Secondly, the 
interesting conjunction of the lengthening reaction with the fall in spindle 


Time from beginning of flexion (sec) 


Fig. 8. Inhibition of y discharge by stretch. Plot of the frequency of discharge of a spindle in the 
ankle extensors during slow ankle flexion up to the maximum. Flexion indicated by diagonal 
dotted line. Same cat as Fig. 7 but another spindle. 


response, suggesting that one factor, at least, in the lengthening reaction is 
the decrease in spindle discharge which occurs when inhibition of y discharge 
overbalances the favourable effect of continued stretch. The lengthening 
reaction would then be a slowing of the « motoneurones due to decrease of 
excitatory spindle discharge to them, together with parallel inhibition by 
Golgi tendon afferents, in unknown proportions. 

Cerebral stimulation after de-afferentation. We have already observed that 
the reflex effects of the pinna on the y motoneurones remain when the dorsal 
roots are cut. The same persistence is found when excitation or inhibition 
of the y system is procured by electrical excitation of points in the brain 
in the manner of Granit & Kaada (1952). Fig. 9 presents the results of an 
experiment with a gastrocnemius spindle in a chloralosed cat. Measurements 
of spike frequency were made during static stretch as in the experiment 
illustrated in Figs. 2 and 3. As in that experiment, curves are shown for the 
intact preparation and for the modifications produced by de-afferentation (in 
this case with 15 min for recovery) and by the final de-efferentation. In 
addition, the uppermost curve shows the great increase in spindle activity 
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produced, after the de-afferentation, by repetitive stimulation of the mid-brain 
reticular formation at 300 shocks per sec. This finding illustrates the inde- 
pendence of afferent support possessed by the supraspinal pathways converging 
on the y motoneurones. 
It is of interest that before cutting the dorsal roots mid-brain stimulation 
first accelerated the spindle and then caused a contraction of the muscle. After 
de-afferentation there was no contraction but the spindle response persisted. 


50- De-afferented, x 
40 — 


De-afferented, resting x 


De-efferented 


Spindle discharge frequency (impulses/sec) 
(CB 


1 2 3 
Muscle extension (mm) 
Fig. 9. Effect of brain-stem excitation after cutting the dorsal roots. Discharge frequency of 
@ gastrocnemius spindle at different tensions. Cat under chloralose. Stimulating needle in 
mid-brain reticular formation. 


We may emphasize here that in our experience of cerebral stimulation 
(cf. Granit & Kaada, 1952) acceleration of y activity seems to precede « dis- 
charge if this occurs. The same is true of reflex stimulation as Hunt (1951), 
Kobayashi et al. (1952) and Eldred & Hagbarth (1953) also observed. 

Neck refleces. Hunt (1951) described briefly the effect of movements of the 
head on y discharge to the gastrocnemius. We have found such reflexes suitable 
for demonstrating in a different way what appears to be our most striking 
finding; that de-afferentation treats the « and y motor cells differently. 

In the experiment illustrated in Fig. 10 the decerebrate cat had an active 
ankle jerk and spontaneous « activity producing incessant movement of the 
myograph trace. We tried first the effect of movements of the head in the 
vertical plane. The experimenter grasped the animal’s head firmly and waiting 
till the disturbances consequent on touching the ears had settled down 
(record B), slowly extended the head backwards to elicit Magnus’s reflex of 
minimal hind-limb tonus. The spindle discharge was inhibited and the 
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myograph record flattened out (first part of record C). At the instant marked 
by the interruption of both traces the head was suddenly flexed downwards. 
There followed a violent spindle response and a no less violent muscular 
contraction which swung the myograph trace off the tube face (records C 


PRP 


De-aflerented 


Ls 1 sec 
Fig. 10. Reflex activation of « and y systems by head movement in the vertical plane. Rigid 
decerebrate cat with brisk ankle jerk and spontaneous « activity (record A). Myograph shows 
tendon tap succeeded by jerk. Records from soleus spindle with head level (record B), flexed 
backwards (C) and suddenly (at the interruption of the traces) flexed downwards and held 
there (D). After de-afferentation the same sequence (Z-G@) produces y response but no 

a discharge. Initial tension approximately 85 g. (Spikes retouched.) 


1 sec 
Fig. 11. Reflex activation of « and y systems by rhythmic turning of the head in the horizontal 
plane. Records from soleus spindle. With intact reflex connexions both « and y systems 
respond synchronously. After de-afferentation « response vanishes. Same experiment and 
spindle as Fig. 10. (Spikes retouched.) 


and D). After de-afferentation the spindle repeated its previous performance 
almost as if nothing had happened (records E-G@) but the myograph, despite 
the increase in its sensitivity, shows no hint of the previous « outburst. 

Fig. 11 shows, in the same animal, the effect of turning the head rhythmically 
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from side to side in the horizontal plane. Before de-afferentation there are 
variations in both « activity and in spindle bias synchronous with the head 
movements. After de-afferentation the muscle contractions disappear but the 
behaviour of the spindle is quite unaltered. 

In both these experiments muscle contractions and spindle acceleration 
always take place together, behaviour exactly the reverse of what would be 
expected if the spindle were de-efferented (Matthews, 1933). Clearly, then, 
movement cannot explain the spindle’s acceleration; in fact if any causal 
relationship exists between the two it must be the reverse one, namely that 
the spindle acceleration excites the « discharge. To this point we return in the 
discussion. Meantime, it can be concluded that the spindle’s behaviour in 
Fig. 10 B—D and Fig. 11 A is due to y activation, as indeed its persistence when 
a activity is absent suggests. 7 

It remains to be added that this cat had an active pinna reflex which 
originally involved both muscular contraction and spindle activation. After 
de-afferentation only the effect on the spindle could be seen. Thus in every 


detail these tests have borne out the previous conclusions; the spindle — 


mechanism can run against segmental de-afferentation, whereas the main 
motor cells are greatly depressed. 

The scope of cerebral control. The capacity of the y motor cells to withstand 
de-afferentation at least in our preparations, which have the brain stem or the 
whole brain left, suggests that these cells are subservient to powerful supra- 
spinal mechanisms. For this reason among others it is of interest to determine 
the limits to which cerebral excitation and inhibition can be pushed, under 
optimal conditions. The last proviso is something of a challenge because not 
only has the whole experiment to be done on a single spindle, preferably in 
the parallel-fibred soleus, but it is, necessary, in addition, to be able to locate 
two cerebral spots, one of which produces intense excitation, the other one 
complete inhibition of this spindle. These foci must be capable of doing so 
without eliciting contractions in the muscle for fear of complicating the issue 
by changing the load on the spindle owing to extrafusal variations in tension. 
Both central effects have to be constant for hours, and the spindle must still 
be in good condition when ultimately tested in the de-efferented state for its 
unbiased firing frequency. The experiment now to be reported was favoured in 
all these respects. 

The cat in question was anaesthetized with chloralose and dial; there was 
at the times of taking records no stretch reflex in the muscle (soleus) in which 
the spindle lay. The inhibitory and excitatory foci are marked by arrows in the 
sections in Fig. 12, the inhibitory spot in the contralateral internal capsule, the 
excitatory spot in the contralateral inferior colliculus (cf. Granit & Kaada, 
1952). Fig. 13 shows that repetitive stimulation of these two points (at the 
stimulus rates and strengths used throughout the experiment) gave selective 
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Internal Central grey 
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Inferior 
colliculus 


Fig. 12. Sections to show the position of the stimulating needles in the experiment illustrated in 
Figs. 13-15. A, the inhibitory point in the contralateral internal capsule. B, the excitatory 
point in the contralateral inferior colliculus, The scale applies to both sections. 


Inhibited Excited 


> 


Fig. 13. Spindle in soleus. Effect of stimulation of the inhibitory and excitatory loci shown in 
Fig. 12. A, base-line. B, first record during stimulation (note shock artifacts), C, during 
stimulation. D, last record before cessation of stimulation. Z, F, i i afterwards. 
a. Cat under chloralose and dial. (Spikes 
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inhibition and excitation of the spindle without significant change of tension 
even at maximum myograph sensitivity. There is, to be sure, a fall of 0-1-0-2 g 
during inhibition which may or may not have been accidental. Assuming it to 
be concomitant « inhibition, the spindle would have been pulled upon and 
hence accelerated. Actually it was inhibited down to zero, so the fall in 
tension is inconsequential. Inhibition took some seconds to build up when the 
stimulus began, and it lasted some time after it was switched off. The maximal 
effect at the greater extensions lasted over two sweeps but declined little before 
the end of the standard stimulation period of five sweeps (5 sec). If the stimulus 
was continued longer the depth of inhibition diminished considerably as shown 
in Fig. 13. A possible explanation of this effect is offered below. 


Intact Excited Inhibited De-efferented 


Fig. 14. Same spindle as Fig. 13. Records at various extensions of the resting, maximally excited, 
maximally inhibited, and de-efferented spindle. Stimulating loci as in Fig. 12. (Spikes 
retouched.) Shock artifacts downwards. 

Fig. 14 illustrates sample records at different tensions of the four states 
examined: (1) the intact unstimulated preparation with normal ‘tonic’ bias, 
(2) during stimulation of the excitatory focus, (3) during stimulation of the 
inhibitory focus and (4) after de-efferentation. The complete results are plotted 
in Fig. 15. There was a considerable amount of bias, 5-25 mm (mean 10 mm), 
in the intact unstimulated spindle. Inhibition completely abolishes this 
normal ‘tonic’ bias except at the greatest extensions; in fact it actually pushed 
the rate below that of the de-efferented spindle. In this experiment the usual 
tests with the pinna reflex and with central stimulation were made to check 
that de-efferentation was complete. It therefore seems necessary to seek 
a purely peripheral explanation of why inhibition slows the spindle more than 
de-efferentation. Unloading of a spindle by allowing the whole muscle 
suddenly to shorten a millimetre is known to cause a pause in spindle discharge 
lasting several seconds, before it builds up to a new rate somewhat slower than 
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the original (Matthews, 1933). An apparently similar phenomenon occurs here 
when the intrafusal muscles relax suddenly. Clearly the same mechanism can 
explain both effects if it has its seat in the sensory ending itself, and this is 
likely enough (Katz, 1950). This mechanism may also account for the renewal 
of discharge, described above, towards the end of a prolonged inhibitory 
stimulus. It may merely represent the slow recovery of the spindle from sudden 
unloading, rather than any diminution of the supraspinal inhibition of 
y discharge. 


8 
j 


Spindle discharge frequency 
i 
\ 
x 


Muscle extension (mm) 


Fig. 15. Discharge frequency of a spindle in soleus at various extensions. The effect of stimulating 
an excitatory and an inhibitory locus in the brain (shown in Fig. 12). The muscle afterwards 
de-efferented. Same spindle as in Figs. 13 and 14. Spindle frequencies during stimulation 
averaged over 0-2 sec instead of the usual 1-0 sec. 


At the greatest extension used, which corresponded to the relatively modest 
tension of 450 g, it was found that when the inhibitory stimulus was prolonged 
beyond the customary five sweeps (5 sec), the impulses began to drop out in 
blocks of a half to one-third of a sweep (sweep duration 200 msec) to return in 
between at their previous inhibited rate. Higher tensions were therefore con- 
sidered to be unphysiological for this particular muscle. 

During excitation at the greatest extension used (see Fig. 15) the spindle 
frequency reached a peak value of 215 impulses/sec (averaged over 0-2 sec), 
which is an extremely rapid rate for a discharge during static stretch. After 
de-efferentation transient bursts of 500 impulses/sec could be obtained, but 
only by vigorous jerking of the tendon. The spindle bias, if calculated with the 
de-efferented frequency/extension slope, would be 38mm at maximum 
extension. In this experiment, however, there being little scatter among the 
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points during excitation, it seems safe to use this actual frequency/extension 
curve, or its extrapolation to the left, to derive the bias. The slope for the 
heavily biased spindle is much greater than that after de-efferentation, a 
tendency we have also noticed in other experiments. As a result the true bias 
measured in this way is 13 mm at the greatest extension, falling to 5 mm with 
the muscle slack. 

We have presented two instances in which y bias corresponds to a shortening 
of the muscle 5 mm below its length at zero tension. This is probably as short 
a length as it ever reaches in life. Thus by cerebral stimulation we have suc- 
ceeded, on the one hand, in abolishing normal y bias altogether and, at the 
opposite end of the scale, we have excited the intrafusal fibres to apply so 
intense a bias that it becomes doubtful how much more could be of use to the 
spindle in life. 

DISCUSSION 

The y efferents emerge from these experiments as a highly active and potent 
system. The clarity of this impression depends largely on the peculiar 
advantages of the technique of listening in to single spindle afferents (rather 
than single y fibres) which among other things has permitted a quantitative 
estimation of y spindle bias on a scale of direct functional significance. In this 
way we have measured the bias in resting intact muscle and reached the basic 
conclusion that the motor centres in the brain can augment and diminish it 
over probably the whole physiologically useful range. During static or very 
slow stretch a heavily biased spindle can attain rates of 200-300 per sec which 
are enormously in excess of the unbiased rates and approach the maximum 
attainable early in fast phasic stretch in de-efferented spindles. These powerful 
mechanisms were indisputably shown by several different methods to be largely 
independent of proprioceptive support, in fact the predominant proprioceptive 
influence on the y motoneurones is inhibition at high tensions. 

Our interpretation of these findings contrasts with that developed from 
their own experiments by Kuffler and Hunt (Kuffler & Hunt, 1952; Hunt, 
1951, 19526; Hunt & Kuffler, 1951a, 5), for whereas these authors conceive 
the y system as a mechanism for keeping the spindle correctly biased to the 
sensitive part of its range, whatever the muscle length, we, on the other hand, 
see it at the behest of the higher centres regardlessly switching the spindle up 
and down even to the extremes of its range. It may be observed that, since 
the relation between spindle frequency and muscle length is a straight line, as 
we have shown, there will be no part of the range which is more sensitive than 
another. Hunt’s and Kuffler’s theory also implies that y discharge should be 
determined mainly by the length of the muscle; but we have given evidence 
for precisely the opposite relationship, namely that y activity reflexly controls 
contraction of the main muscle. Hunt’s (1951) experiments on spinal cats 
seemed to confirm the view that the firing rate of y motoneurones depended 
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on proprioceptive reflexes, although it is noteworthy that he observed in reflex 
activation of muscle that increased y activity preceded « discharge. 

By systematic use of de-afferentation we have shown that the-pattern of 
y activity is not primarily set by proprioceptive reflexes (although these are 
not without influence), nor does it depend directly on concomitant « discharge. 
On the contrary, in many modes of muscle activation de-afferentation leaves 
unaffected the y response but silences « discharge altogether. Therefore, in our 
construction of these facts, excitation of the main motoneurones is dependent 
on the inflow in spindle afferents, the level of which is set in its turn by the 
y system. In the intact preparation y activity, by biasing the spindles, sets up 
an afferent discharge which contributes decisively to the excitation of the 
a cells. After de-afferentation the causal chain is broken and acceleration of 
the spindles occurs alone. 

Thus an essential pathway for excitation of muscle (in the type of contraction 
we have investigated) lies through the y system to the imtrafusal muscle 
bundles, thence back through the large spindle afferents, which are known to 
be facilitatory for their own and synergistic « motoneurones (Lloyd, 1943; 
Granit, 1950; Hunt, 19525) and finally over the monosynaptic stretch reflex 
arc to the main muscle, On this scheme the speed and simplicity of the stretch 
reflex arc, already inferred from human experiments by Paul Hoffmann 
(Hoffmann, 1922; Hoffmann & Keller, 1928) before Lloyd’s demonstration of 
its monosynaptic nature (Lloyd, 1943), becomes intelligible. If the y system 
is the force which (partly at any rate) initiates and drives muscular contrac- 
tion, its relative independence of mechanical events in the muscle (as seen in 
the de-afferentation experiments) is entailed. y and spindle activity must also 
be antecedent in time to the « discharge if they cause it. Everyone who has 
recorded ‘y impulses has been struck with this sequence (see p. 513) and we 
have here confirmed it. Particularly interesting instances were observed with 
the neck reflexes (Fig. 11) where acceleration and slowing of the spindle was 
clearly leading both contraction and relaxation, and with the lengthening 
reaction (Fig. 7) where autogenetic inhibition of spindle bias preceded 
muscular relaxation. 

Kuffler & Hunt (1952) consider that during isotonic shortening of the muscle, 
excitation of y fibres could not prevent the spindle discharge from pausing. 
This would imply that isotonic shortening could never be driven from the 
y system. In our experience this is not true, spindle acceleration during 
contraction has several times been seen when the muscle was detached from 
the strain gauge and allowed to shorten without load. The y system is therefore 
sufficiently powerful to drive the muscle under all conditions, for contraction 
under zero load is presumably the least favourable. , 

As further discussed by one of us elsewhere (Merton, 1953a) the principal 
advantage of driving the muscle through the y system is that the valuable 
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self-regulating or servo properties of the stretch reflex are retained at all 
lengths and during shortening or relaxation. Nevertheless, movements 
initiated in this way, indirectly via the spindles, suffer delay from conduction 
time to and from the muscle, so that for rapidly starting movement descending 
pathways converging directly on to the main « motoneurones are also to be 
expected, and indeed are known to exist from many classical experiments on 
de-afferented limbs. Instances of such activation have recently been studied 
in animals by one of us (Granit, in preparation), while Merton (1951) investi- 
gating the servo-loop in the human subject observed that sudden movements 
could always break through, presumably by this path. In the mainly postural 
type of contractions we have studied in this paper the y pathway is seen, 
through the de-afferentation experiments, to be the decisive influence. The 
same would appear to be true for steady voluntary efforts (Merton, 1951). The 
exact conditions under which the other pathways become dominant remain 
to be determined. 

In recent years many details have been learnt of the contrasting functions 
of the « and y groups of motor fibres in the muscle itself, but the results 
presented here provide for the first time clear evidence that the influences 
converging on their respective motoneurones are also quite distinct. 


SUMMARY 


1, Action potentials of single spindle afferents from soleus and gastrocnemius 
were recorded in dorsal root filaments with the remaining innervation of the 
muscle, motor and sensory, intact. In this way activity in the ) motor system 
was studied through its effects on the spindle. 

2. In both decerebrate and chloralose-dial cats y bias of the spindles was in 
evidence at all tensions from zero upwards. De-afferentation commonly did 
not significantly diminish this activity but de-efferentation led to a sudden drop 
and regularization of spindle frequency, and often a rise of threshold. 

3. The y system was excited by cerebral stimulation or through various 
reflex channels. In such cases de-afferentation reveals a fundamental difference 
between « and y motoneurones, for the y responses were little affected after 
section of the dorsal roots but concomitant « discharge was abolished. 

4. The supraspinal control of the spindles is thus not dependent on afferent 
support as, to a large extent, is the main muscle. Proprioceptive influence on 
the y motoneurones is chiefly inhibition during stretch, confirming Hunt (1951). 

5. The ‘bias’ that y activity applies to the spindle can be expressed 
numerically as the muscle shortening necessary to reduce the spindle to its 
unbiased, de-efferented, rate. On the servo theory of muscular control this 
length is also the distance the muscle would tend to shorten under the stretch 
reflex. 
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6. Rough measurements of bias on this principle during cerebral stimulation 
indicate that the range of bias at the command of the supraspinal centres is 
adequate to cover the whole physiological range of movement. 

7. In the types of contraction studied the fact that activity in the y system 
keeps in advance of muscular contraction, and that de-afferentation abolishes 
the latter selectively, indicates that a decisive fraction of its excitation reaches 
the « motoneurones via the y system and the monosynaptic spindle afferents. 

The authors are indebted to the Swedish Medical Research Council and the Rockefeller Founda- 


tion for support of this work. P.A.M. is grateful to the Medical Research Council of London for 
financial support. 
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THE SPECTRAL SENSITIVITY OF THE 
PIGEON’S RETINAL ELEMENTS 
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Spectral sensitivity curves for the pigeon have been determined during both 
dark- and light-adaptation by various methods. In the scotopic state Laurens 
(1923) analysing the pupillary reaction, Graham, Kemp & Riggs (1935) using 
the electroretinogram as an index, and Granit (1942) working with the micro- 
electrode, have provided data showing the similarity between the scotopic 
sensitivity curve and the absorption spectrum of visual purple, the presence 
of which in the pigeon’s retina had earlier been demonstrated by Hess (1913). 
Under photopic conditions the eye is maximally sensitive at 5800 A, a displace- 
ment of 200 A towards the red end of the spectrum as compared with the 
corresponding curves of several other vertebrates (Granit, 1947). This displace- 
ment has been recorded both in training experiments on hens (Honigmann, 
1921) and in electro-physiological work using the optic nerve discharge as 
an index (Granit, 1942). The diminished sensitivity at short wave-lengths 
has been explained as due to the selective absorption of the coloured oil 
globules of the cones. Schultze (1866), had earlier pointed out their possible 
significance for vision since they are placed as filters in front of the light- 
sensitive external limbs of the cones. Since the scotopic sensitivity of the 
pigeon’s retina reproduces the visual purple curve there is, according to Granit 
(1942), no reason to believe that the observed shift in the spectral location of 
photopic sensitivity is caused by differences in the photochemical substances 
involved but rather is explained by the absorbing action of the oil globules. 

Granit (1942) recorded from the pigeon’s retina only the massed discharge 
from a great number of elements. In the photopic state he always got the 
broad dominator curve. However, Hamilton & Coleman (1933) showed that 
the pigeon has good colour vision which led Granit to assume that narrow 
modulator bands must be present in this eye too. The experiments described 
in the present paper were carried out in order to test this hypothesis and to ( 
examine in more detail the effect of the coloured globules. 
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METHODS 


The general arrangement of the experiments was the same as used by Granit in his micro-electrode 
investigations on the retinae of various animals (cf. Granit, 1947). 

The pigeons were anaesthetized with 3-4-5 ml. of 20% urethane given intraperitoneally. The 
head was rigidly fixed with pins to a large piece of cork provided with an excavation to suit the 
head. Cornea and lens were removed from the eye and the micro-electrode inserted with a Zeiss 
slide micro-manipulator. The micro-electrodes used were of the type described by Svaetichin 
(1951); silver solder drawn out in glass tubes to the diameter wanted. It was found that electrodes 
with a tip diameter of about 104 were the most suitable for the present purpose; finer ones were 
also tried. 

The recording equipment consisted of a condenser-coupled amplifier with a direct coupled 
cathode-follower input stage, cathode-ray and loudspeaker stage. 

As light source a 200 W microscope lamp (125 V d.c.) was used, the constancy of the current 
being controlled by an ammeter (accuracy 1 %) and a suitable slide resistance. Practically mono- 
chromatic light was obtained by the use of metal-interference filters (Schott and Gen.), inserted 
in the light beam made parallel by a collecting lens and provided with a photographic shutter. 
The transmission maxima and the corresponding band-widths of the filters (difference in A 
between the wave-lengths with 50% of max. transmission) are given in Table 1. The intensity of 


TaB_e 1. Spectral properties of metal interference filters used 


Wave-length of 
max. Band-width 
(A) (A) 
4180 125 
4410 160 
4620 104 
4790 95 
5030 140 
5250 120 
5430 88 
5580 125 
5820 81 
5960 120 
6130 50 
6380 170 
6790 220 


the stimulating light was adjusted by means of a neutral wedge and neutral filters of known 
density. Finally, the light was focused on the opened eye of the pigeon through a system of 
lenses and mirrors that could be adjusted for each experiment separately. The intensity of the 
light at different wave-lengths and for different wedge settings was calibrated with a photocell of 
accurately known spectral sensitivity and a suitable galvanometer. 

Generally the pigeons were left to dark-adapt 1-2 hr after the operation or were light-adapted 
with white light (1500 m.c.) from the microscope lamp. When the experiment was started the 
electrode was pressed down until it touched the retina and a response to light was obtained. Even 
with 10, electrodes the first discharge recorded was always composed of a great number of active 
units, the spikes being very small in size. When the electrode was pressed further down fairly 
large (20-50 »V) spikes were recorded and the discharge was restricted to a single or only a few 
active units. The probable explanation of this is that the micro-electrode first recorded the 
discharge from the layer of nerve fibres passing to the optic nerve on the surface of the retina and 
when pressed down struck one or a group of the ganglion cells present in the following layer. In 
fact the giant ganglion cells have been shown by Rushton (1949, 1953) to produce the discharge 
recorded with micro-electrodes from the retina of the cat. If isolation was satisfactory the 
threshold measurements were started. Light flashes of about 2sec duration were used, the 

PH. CXXII. 34 


1 

& 

$ 
$ 
i 


526 K. 0. DONNER 


photographic shutter operated by hand. The wave-lengths were always taken in a random 

reference points to check fluctuations in the 

general sensitivity of the element investigated (Donner & Granit, 1949). Small changes in 

thresholds with the reference wave-length were corrected for; experiments with large and rapid 
In all, thirty-six pigeons were used for the experiments. 


RESULTS 
General observations 
The usual type of discharge recorded when the electrode had been successfully 
inserted is shown in Fig. 1, which also shows the average degree of isolation 
obtained in these experiments. The record shows discharges in response to 
a light flash of about 2 sec duration from the same light-adapted element at 
relative intensities 0-05 and 1-5 (5820 A). The threshold of the on-effect was 
at 0-035. The size of the spikes corresponds to 20-25 »V. All elements recorded 
were of this type giving both on- and off-effects. Usually the sensitivity of 
the components was approximately the same both during light- and dark- 


Fig. 1. The discharge of a typical element of the pigeon’s retina at the relative intensities 0-05 
and 1-5. Wave-length 5820 A, light-adaptation. Black line below records indicates period of 
illumination = approximately 2 sec. 


adaptation. This is clearly seen in Fig. 1 which also shows that an increase in 
the intensity of the stimulating light did not to any great extent rebalance the 
on- and off-effects as, for instance, recorded in the dark-adapted cat’s retina 
(Granit, 1944; Donner & Willmer, 1950). Although the record in Fig. 1 is 
taken from a light-adapted eye, dark-adapted elements behaved in an essen- 
tially similar manner. This is probably due to the dominance of the cones in 
those parts of the retina investigated (the electrode was always placed as 
centrally as possible). 

Spontaneous activity was rarely present; it was noted that in those cases 
where it occurred the reason probably was the pressure exerted by the elec- 
trode. This absence of spontaneous activity made it uncertain whether the 
element in question was still under the electrode during darkness. This often 
led to the loss of the element. 

It cannot, of course, be definitely stated that the type of discharge shown in 
Fig. 1 (large spikes) was actually produced by single active units. It is, 
however, likely that most of the experiments refer to the properties of single 
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elements since at the threshold it was always much easier to discriminate 
between a few relatively large spikes and the small impulses in the back- 
ground; especially when a loudspeaker stage making it possible to cut off the 
small impulses was used. At higher intensities these, due to their great 
number, tended to disturb the record much more. Of course Granit’s (1947, 
p. 304) remarks on the certainty with which a given record may be said to 


represent the discharge of a single unit apply to the present experiments too. 
Massed discharge from the dark-adapted retina 


It is known from previous work (Laurens, 1923; Graham et al. 1935) that 
the overall sensitivity of the pigeon’s retina in the scotopic state is governed 
by visual purple. This provided a means of checking the reliability of the 
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Fig. 2. Scotopic sensitivity of massed discharge (circles) as compared with the visual purple 


absorption curve given by Hecht e# al. (1942) (full line). Average of four experiments. Equal 
quantum intensity spectrum. 


calibrations and of investigating if metal interference filters could be success- 
fully used instead of a monochromator. Thus some experiments were performed 
with dark-adapted eyes and electrodes having a tip diameter of 30, recording 
the discharge from a great number of active units. The averaged results from 
four such determinations are given in Fig. 2 (circles) and compared with the 
visual purple absorption curve as given by Hecht, Shlaer & Pirenne (1942). 
The agreement is satisfactory, although there is a slight tendency towards 
higher values in the yellow and red parts of the spectrum. This may be 
explained as due to some influence of the numerous cones. It can thus be 
stated that the apparatus and the experimental procedure used were able to 
produce results with an accuracy sufficient for experiments of this type. 

34-2 
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The spectral sensitivity of single elements 

In the great majority of elements sensitivity curves other than that of 
visual purple were obtained; also in the dark-adapted state. In a few cases 
the elements showed a maximum sensitivity at 5000 A, but the curve was 
generally narrower than that shown in Fig. 2. Such sensitivity curves were 
also recorded by Donner & Granit (1949) from the dark-adapted cat’s eye. 
Granit (1941) describes modulator curves from the retina of the rat with their 
maximum at 5000 A and probably due to the activity of rods. 

It is not surprising that visual purple curves were so rarely obtained from 
isolated elements when the electrode was placed in the central parts of the 
retina. The situation is quite different when recording the discharge from 
a great number of units where the more sensitive components—the rods— 
must be expected to determine the sensitivity. Furthermore, in the latter 
experiments the discharge probably originated from the more peripheral parts 
of the retina where the rods are more numerous, This was because the discharge 
from the nerve fibres passing from the periphery to the optic nerve on the 
surface of the retina were probably recorded when larger electrodes are used. 

It soon became evident that two main types of sensitivity curves were the 
ones most commonly obtained, both in the photopic and scotopic states: 
(a) broad curves with their maximum sensitivity around 5800-5900 A, and 
(6) sensitivity curves with one or more narrow peaks located with a few 
exceptions either at 4800, 5400-5500 or 5900-6100 A (Table 2). 

The broad curves closely resembled the photopic dominator curve recorded 
by Granit (1942) usually from light-adapted retinae but also during dark- 
adaptation. The main difference consisted in the occurrence of humps in the 
regions of modulator activity. Fig. 3 gives the average of three typical 
elements, two of them from a light-adapted retina and one during dark- 
adaptation. The broken line gives the average curve of Granit (1942). It is 
probable that the humps on the dominator curves as seen in the case of single 
elements are obscured when recording the average photopic sensitivity of the 
retina thus explaining the difference observed. An irregular dominator curve 
was also obtained by Granit (1943) when recording the spectral sensitivity of 
isolated elements in the light-adapted retina of the cat. Granit (1945) points 
out that the irregularity can be explained on the assumption that the 
dominator represents the sum of modulator activity. 

The other type of sensitivity curves recorded in the present experiments 
were much narrower than those described above—typical modulator curves in 
Granit’s terminology. In most elements only one narrow peak of this type 
was recorded, but curves with two or even three peaks were also obtained. 
Three typical curves obtained from single elements are shown in Fig. 4. The 
middle curve (@----(@) was recorded during light-adaptation, the other 
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two during dark-adaptation. The curve with its maximum around 6000 A 
shows the simplest type of curve recorded. In dark-adapted eyes a small hump 
around 5000 A was often seen (e.g. Fig. 4, left curve). Again, during light- 
adaptation there was a certain tendency towards an increased sensitivity at 


100 


Fig. 3. Average of three elements giving the photopic dominator response (OO) as compared _ 
with the averaged curve for pigeons determined by Granit (1942) (- - - - - ). Equal energy 
spectrum. 


% 


} 0 


4500 

Fig. 4. Typical modulator curves obtained from single elements. The middle curve ( @--- ®@), 
recorded during light-adaptation, the other two during dark-adaptation. Equal energy 
spectrum. 


5500-6000 A that may be explained as the influence of the photopic dominator. 
| A curve of this type is the middle curve in Fig. 4. This was one of the few 
| experiments in which the spike could be maintained so long that it was 
possible to record the sensitivity both during dark- and light-adaptation. In 
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the dark-adapted state the sensitivity curve had a secondary hump at 5000 A 
which disappeared during light-adaptation. Instead a new hump turned up as 
shown in Fig. 4. The maximum sensitivity was, however, not shifted by the 
light-adaptation but remained at 5430 A. 

Another characteristic feature was the asymmetrical shape of the curves as, 
for instance, is well illustrated in Fig. 4, left curve. Thus the sensitivity of the 
elements often decreased much more rapidly towards the short wave-lengths 
than towards the red end of the spectrum. 


TaBLE 2. Occurrence of modulator maxima in experimental material 


Wave-lengths Dark- t- 
used adaptation adaptation = 
4180 — 
4410 1 3 
4620 2 2 
4790 4 3 7 
5030 — 
5250 3 3 6 
5430 6 4 10 
5580 3 2 5 
5820 1 l 2 
5960 2 4 6 
6130 3 2 5 
6380 1 1 
6790 


It was found that narrow modulator curves like those shown in Fig. 4 were 
recorded both from light- and dark-adapted retinae and that they occurred 
mainly in three spectral regions. Table 2 gives the location of the maxima of 
all modulator peaks observed, irrespective of whether the same element showed 
one, two or three sensitivity maxima. It is obvious that the modulator peaks 
are grouped around the wave-lengths 4790, 5430 and 5960-6130 A, and that 
there is no significant effect due to the state of adaptation. The dispersion of 
the peaks to other neighbouring wave-lengths does not, however, give a quite 
correct picture of the material concerned since in most cases where the 
sensitivity was highest at a wave-length next to, say 5430 A, it was very 
nearly the same in the latter wave-length too, thus indicating that the actual 
sensitivity maximum was located somewhere between the two. Thus it was 
always easy to decide which of the three types a modulator unit belonged to. 
In addition it must be remembered that the curves with more than one peak 
are also included. In these cases the sensitivity maxima may have been 
slightly shifted by nervous interaction. 

The modulator curves of the simple type shown in Fig. 4 have formed the 
basis for a further analysis. Elements of this type have been averaged and 
the results are given in Figs. 5-8, together with the spectral sensitivity of the 
modulators of the frog’s retina (broken line) as determined by direct threshold 
measurements by Granit (1941). The frog modulators have the same spectral 
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location as those found in the cat’s retina (Granit, 1945, 1947) but the latter 
are somewhat narrower. Both eyes, in addition, give the same photopic 
dominator curve. The results from the frog’s eye have, however, been chosen 
for comparison since the modulator units from the cat’s retina were deter- 
mined by experiments with selective adaptation while in case of the frog the 
same method as used in the present work was applied. Thus errors owing to 
different methods are less probable explanations of the divergent properties 
of the pigeon modulators as compared with those of other vertebrates. 


Fig. 5. Fig. 6. 


Fig. 5. Averaged curve for blue modulator (O——O). Four elements. Broken line in this, and 
Figs. 6-8 indicates modulator curves of frog (Granit, 19415). Equal quantum intensity 
spectrum. 


Fig. 6. Averaged curve for green modulator (O——-O). Six elements. Equal quantum intensity 


Fig. 5 gives the average of four elements all recorded in the scotopic state. 
All four curves had their maximum at 4790 A. As seen from Table 2, three 
modulator peaks at 4410 A and two in 4620 A were also obtained. These have 
all been seen in experiments where the curve recorded has been composite, 
giving other peaks as well. The curves maximally sensitive at 4620 A closely 
resemble those giving a peak at 4790 A in that the sensitivity at this wave- 
length is nearly as high as in 4620 A, indicating that they are of same origin. 
Those curves again with a sensitivity maximum at 4410 A give a low sensi- 
tivity to 4620 and 4790 A, being thus clearly different in nature. Only three 
elements, however, show this property. The existence of a modulator unit in _. 
the pigeon’s retina with its maximum sensitivity at approximately 4400 A is 
thus indicated but cannot be definitely demonstrated on the basis of the 
present material. It may be mentioned that in the dark-adapted cat’s retina 
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Donner & Granit (1949) were able to show the presence of a region of modula- 
tion around 4200 A. 

In Fig. 6 the average of six elements is given; two of them were recorded 
from a light-adapted eye and the rest during dark-adaptation. One of the 
light-adapted and two of the dark-adapted elements gave the maximum 
sensitivity at 5430 A. Two elements had their maxima at 5580 A but gave the 
relative sensitivities 97 and 81% respectively at 5430 A, thus indicating that 
the actual maximum was located somewhere between these two wave-lengths. 


$500 OOO A 5500 6000 OA 
Fig. 7. Fig. 8. 
Fig. 7. Averaged curve for yellow modulator (O——-O). Three elements. Equal quantum 
intensity spectrum. 


Fig. 8. Averaged curve for secondary hump observed at 6130 A. Six elements. Equal quantum 
intensity spectrum. 


The last element had its peak at 5250 A, but at 5430 A the sensitivity was still 
94%, of the maximum. It may thus be stated that although in this region 
modulator maxima in the experiments were found to occur at 5250, 5430 and 
5580 A they were relatively constant in position, the maximum probably being 
located between 5400 and 5500 A. This circumstance is also illustrated by 
Fig. 6, the averaged curve being very narrow. The curve has a small hump at 
5000 A, which most probably is caused by rod activity. The broken line in this 
region indicates the assumed course of the pure modulator curve. This curve 
has been used when calculating the absorption of the coloured oil globules. 
Fig. 7 gives the average of three elements, two of them light-adapted, and 
one dark-adapted. Two were maximally sensitive at 5960 A and one at 5820 A. 
The latter curve gave the relative sensitivity 95% at 5960 A. Excepting these 
elements averaged in Fig. 7, a secondary hump with its maximum at 6130 A 
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was observed in many elements with a more complicated sensitivity curve. It 
is uncertain whether these humps represent the activity of a modulator unit 
different from that in Fig. 7 or if the humps indicate the activity of the same 
unit but slightly shifted by nervous interaction. However, the curves in which 
such a secondary hump was seen (six elements) have been averaged in Fig. 8 
with respect to the region 5800-7000 A. From 5960 A towards the short wave- 
lengths the curve rises strongly. On the assumption that the curve in Fig. 8 
represents a separate modulator unit from that in Fig. 7 the broken line has 
been drawn to show the probable further course of the curve. Granit (19415, 
1945) was able to demonstrate both in the retina of the frog and of the cat two 
modulator units in the red and yellow region of the spectrum with spectral 
maxima at 5800 and 6000 A respectively as shown in Figs. 7 and 8 (broken 
line). Secondly, when Figs. 5-8 are compared, it is seen that the pigeon’s 
modulators are all displaced towards the red end of the spectrum, approxi- 
mately 100-200 A as compared with the corresponding frog modulators. This 
is also the case in Fig. 8. It is thus probable that the curves averaged in 
Fig. 8 demonstrate the presence of a modulator unit different from that shown 
in Fig. 7, although for some reason it has not been obtained in the isolated 
state as the other ones. 


DISCUSSION 


The experiments described above establish the existence in the pigeon retina 
of modulator units similar to those found in the retinae of other vertebrates 
(Granit, 1947), but displaced towards the red end of the spectrum by about 
100-200 A and often somewhat asymmetrical in shape with a steeper slope 
towards the short wave-lengths. It was stated above that the general shift 
of photopic sensitivity towards the long wave-lengths is probably due to the 
absorption of light in the coloured globules of the cones and not caused by 
any differences in the photochemical system involved. Assuming then that in 
threshold measurements as used here, nervous interaction is insignificant and 
that accordingly the modulator curves depict the properties of the receptors, 
it is possible to calculate what kind of an absorbing filter would be needed in 
order to change the modulator curves of the frog into those of the pigeon as 
recorded in the present work. This calculation has been performed using the 
averaged curves shown in Figs. 5-8. For this purpose the pigeon’s modulators 
have first been reduced so that the ordinates in all parts of the spectrum are 
lower than or equal to the corresponding values of the frog modulators. Those 
wave-lengths where the ordinates of both curves are equal have been assumed 
to be unaffected by absorption. For other wave-lengths absorption has been 
calculated as the difference between the corresponding ordinates of both curves 
in percentages of the ordinates of the frog curves considering that the sensi- 
tivity curves give relative values for the reciprocal of light intensity used at 
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threshold. Such a procedure gives the least absorption that must be postulated 
in order to account for the differences observed. 

The results have been plotted in Fig. 9. Curve A corresponds to the 5960 
and 6130 A modulators (Figs. 7 and 8) the results for these two units being 
approximately the same. Curve B is calculated for the 5430 A modulator 
(Fig. 6), and curve C for the 4790 A modulator (Fig. 5). The absorption curves 
obtained from extracts of chicken retinae, as given by Wald & Zussman 
(1938) have been plotted for comparison. Kiihne considered that these three 
substances were identical with the coloured components of the main types of 
oil globules present in avian retinae: red, yellow and green. There is a clear 
resemblance between curves A and a, and B and 6. This is not, however, quite 
so clear in case of the C curves, although the maxima of both curves coincide. 


51- Pigeon (Waelchli, 1881) 
5118 740 Hen (Roaf, 1929) 
A 
\ 
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Fig. 9. Calculated absorption curves for the oil globules (full line) compared with Wald & 
Zussman’s (1938) absorption curves (broken line) for the coloured substances extracted from 
chicken retinae. Above the curves results from measurements on oil globules by Roaf (1929) 
and Waelchli (1881). Full explanation in text. 


At the top of Fig. 9 some results on microspectrophotometric measurements 
on coloured globules are given for the three main types corresponding to the 
three substances that can be extracted from the retina. The results of Waelchli 
(1881) refer to the pigeon and are based on a method of visual estimation. 
The wave-length region indicated refers to the region of steepest rise of 
absorption. Roaf (1929) used retinae of the domestic hen and determined by 
a microspectrophotographic method the shorter wave-margin of light trans- 
mitted. Blasser (1926) also made some determinations on the globules of the 
hen, and gives 6060 A as the absorption margin for the red and 5270 A for the 
yellow globules. All measurements on the globules agree in that the onset of 
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absorption is restricted to a very narrow region of the spectrum. According to 
Waelchli (1881) the absorption rises very steeply within 100-200 A. This 
agrees well with the absorption curves calculated and also with the fact that 
the modulator curves often seemed to be sharply cut off towards the short 
| wave-lengths (cf. Fig. 4). Waelchli (1883) also points out that the colours of 
the globules are very constant, only the green type showing some variation. 
The data presented above suggest that the assumption on which the 
calculation was based is essentially correct. This means that the present 
_ experiments lend further support to the view that the photochemical sub- 
| stances involved in vision are the same in the avian eye as in other visual 
purple vertebrate eyes. If this is true it is likely that the modulator curves 
recorded represent in a relatively pure state the sensitivity curves of the 
individual receptors, because if nervous interaction mainly determined the 
modulator curves the agreement between the calculated absorption curves 
and what is known from work on the coloured globules would probably have 
) been obscured. The stability of the modulator maxima in different states of 
adaptation also supports this conclusion. Nervous interaction as the cause 
of the narrowness of the curves cannot, however, be excluded. Such inter- 
action is known to occur (Granit, 1948, 1949) at least at higher levels of 
stimulation. It can also be supposed to have about the same effect on the 
modulator curves of the frog as on those of the pigeon, thus making it possible 
to calculate the absorption curves of the globules in spite of the fact that the 
modulator curves do not fully agree with the underlying photosensitivities 
of the receptors. However, this possibility does not rule out the interpretation 
that each modulator unit primarily is caused by the activity of cones provided 
with either green, yellow or red globules: green for the 4790 A modulator, 
yellow for the 5430 A modulator and red for the 5960 and 6130 A modulators. 
This accounts for all three main types of globules and thus for the majority 
| of the cones. There are, according to Waelchli (1883), in addition some very 
pale green and nearly colourless globules; possibly these are related to the 
4410 A modulator that was observed in some cases. 

Granit (1947, 1950) has suggested that the photopic dominator curve is 
produced by summation of the various modulator units. This interpretation is 
supported by the present results when explained as above because all oil 
| globules and thus all cones are accounted for by the modulators. In addition, 
the characteristic steepness of the absorption curves of the oil globules 
(Waelchli, 1881; Roaf, 1929) does not allow us to explain the shift of the broad 
dominator curve from 5600 to 5800 A if it were caused by a special dominator 
substance and a special type of cone. 
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SUMMARY 

1. The spectral sensitivity curves of isolated retinal elements in the eye of 
the pigeon have been recorded with the micro-electrode technique both in the 
photopic and scotopic state. As a check of the reliability of the experimental 
procedure, the scotopic sensitivity curve for the massed discharge of a great 
number of units was recorded, showing a good agreement with the visual 
purple absorption curve. 

2. The sensitivity curves of single elements have been observed to fall in 
two categories: (a) broad scotopic or photopic dominator curves, the latter 
ones similar to the curve recorded by Granit (1942); and (6) modulator curves 
with maxima at 4800, 5400 and 5900-6100 A. The modulator curves have been 
averaged in Figs. 5-8. 

3. It is shown that the narrowness and somewhat asymmetrical shape of 
the modulator curves and the shift towards the red end in the spectrum as 
compared with those of other vertebrates (Granit, 1947) can be explained by 
the absorption of the coloured globules in the avian retina. It is thus probable 
that the modulator sensitivity bands are primarily caused by cones with either 
green, yellow or red globules. This implies that the photopic dominator curve 
is produced by the summed activity of the different modulators. 
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THE INITIAL STAGES OF BLOOD COAGULATION 


By ROSEMARY BIGGS, A. 8. DOUGLAS anp R. G. MACFARLANE 
From the Department of Pathology, Radcliffe Infirmary, Oxford 
(Recewed 22 June 1953) 


Previous observations have suggested that blood, some minutes after contact 
with a foreign surface, suddenly develops a labile but extremely potent 
thromboplastic activity (Macfarlane & Biggs, 1953; Biggs & Macfarlane, 
1953). Investigations of this reaction showed that a mixture of three fractions 
of normal blood generates a similar activity. These fractions were (1) a 
suspension of platelets, (2) citrated plasma deprived of prothrombin by its 
adsorption on Al(OH),, and (3) serum, or the protein adsorbed from serum by 
Al(OH),. After 4 or 5 min incubation of this mixture with CaCl,, samples 
caused clotting of recalcified citrated normal plasma in 8-10 sec, but did not 
clot fibrinogen, so that, following conventional definitions, they could be said 
to contain thromboplastin but not thrombin. If any one of the three com- 
ponents was omitted this thromboplastic activity did not develop (Biggs, 
Douglas & Macfarlane, 1953). 

Further experiments were made to identify the factors active in this reaction 
and contained in the plasma and serum fractions. If the plasma fraction was 
derived from haemophilic blood, thromboplastin generation was absent or 
reduced. Generation could be proportionately restored by adding increasing 
amounts of normal plasma or its fibrinogen fraction to the haemophilic plasma, 
suggesting that the inactivity of the latter was due to the absence of a normal 
factor rather than the presence of an inhibitor (Biggs & Douglas, 1953). From 
this it can be concluded that the factor known as ‘anti-haemophilic globulin’ 
is required for thromboplastin generation since this factor is associated with 
the fibrinogen fraction of normal blood and is deficient in haemophilia (Bendien 
& van Creveld, 1937; Pohle & Taylor, 1937; Minot & Taylor, 1947). 

It was also found (Biggs & Douglas, 1953) that if serum from the blood of 
patients receiving the anticoagulant drug ethyl biscoumacetate (tromexan) 
was used in the generating mixture thromboplastin formation was similarly 
reduced and was restored by the addition of normal serum. An effect of ethyl 
biscoumacetate therapy is to diminish the blood content of factor VII, 
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a clotting factor described by Koller, Loeliger & Duckert (1951) and thought 
by them to be an accelerator of prothrombrin conversion. Factor VII is 
present in normal serum and is adsorbed from it by Al(OH)s. In cases of 
ethyl biscoumacetate therapy it was found that the activity of the serum in 
thromboplastin generation was proportional to its content of factor VII as 
measured by an independent method. It is probable therefore that the 
coagulant activity of this factor has been previously misinterpreted and that it 
is concerned in thromboplastin generation rather than in the acceleration of 
the reaction between thromboplastin and prothrombin. 

Following this tentative identification of three of the components of the 
thromboplastin-forming system the investigation of a newly recognized haemor- 
rhagic state, Christmas disease, has revealed another probable participant 
(Biggs, Douglas, Macfarlane, Dacie, Pitney, Merskey & O’Brien, 1952). This 
state, clinically resembling haemophilia, is due to the deficiency of a hitherto 
unidentified clotting factor, referred to here as ‘Christmas factor’. Christmas 
factor resembles factor VII in being present in normal serum and adsorbed by 
Al(OH) , but its level is not always diminished by ethyl biscoumacetate therapy, 
nor is there a deficiency of factor VII in Christmas disease. Thromboplastin 
generation is deficient in the blood of cases of Christmas disease. If the serum 
of such cases is substituted for normal serum in the thromboplastin-generating 
mixture, activity does not develop, but appears on addition of normal serum. 
It must be concluded therefore that Christmas factor is essential for normal 
thromboplastin generation. 

The recognition that factor VII takes part in this reaction suggests that 
factor V, also thought to be an accelerator of prothrombin conversion, might 
in reality be concerned in thromboplastin formation. Factor V, described by 
Owren (1947), is probably identical with the labile factor of Quick (1943) 
and the Ac-globulin (Ware & Seegers, 1948). Since it is present in fresh 
normal plasma and is not adsorbed by Al(OH)s, it is contained in the plasma 
fraction of the thromboplastin-generating system we have used. In this 
investigation experiments have shown that the presence of factor V is neces- 
sary for blood thromboplastin formation. Thus the number of factors found to 
be required for this activity to develop has increased from three to five. Since 
it is unlikely that five factors react simultaneously to produce thromboplastin 
an attempt has been made to study the preliminary reactions which probably 
precede the appearance of active thromboplastin. 

Since widespread intravascular coagulation is an unusual disaster it is 
likely that thromboplastin generation does not occur in the normal circulation. 
Even static blood which is in contact only with vascular endothelium will 
remain fluid for 24 hr or more (Lister, 1863). Yet the same blood brought into 
contact with glass or any other ‘foreign’ surface clots in a few minutes. It is 
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reaction culminating in the explosive generation of thromboplastin typical of 
the normal coagulation process. Attempts have therefore been made to 
determine which, if any, of the factors or reactions already studied is activated 
by contact with glass. 
METHODS 

The technical methods used in this investigation have been described in detail in previous 
communications. The thrombin generation test is described by Macfarlane & Biggs (1953) and 
the thromboplastin generation test by Biggs et al. (1953) and Biggs & Douglas (1953). 

Factor V and antihaemophilic globulin were prepared from normal plasma treated with Al(OH), 
as described by Biggs & Macfarlane (1953). The antihaemophilic globulin is contained in the 
fraction precipitated from Al(OH),-treated plasma by 33% saturation with (NH,),80,. Factor V 
is contained in the fraction precipitated between 33 and 50% saturation with (NH,),S0,. 

In the Thrombin generation test either whole blood or recalcified citrated plasma is allowed to 
clot in glass or silicone-coated tubes, and at intervals the amount of thrombin formed is assessed 
by transferring samples to fibrinogen solutions, the clotting times of which are recorded. 

In the Thromboplastin generation test the separated components necessary for thromboplastin 
formation are incubated collectively with CaCl,, and at intervals the thromboplastin content is 
assessed by transferring samples to recalcified citrated normal plasma. 

Modifications of these techniques required by the different experiments will be indicated in 
the appropriate sections. 


RESULTS 
Factor V and antihaemophilic globulin in thromboplastin formation 

In the thromboplastin generation test platelets, Al(OH),-treated normal 
plasma and normal serum are incubated with CaCl, and at intervals samples 
are tested for their thromboplastin content. When the Al(OH),-treated normal 
plasma used in the thromboplastin generation test is replaced by either factor V 
or antihaemophilic globulin separately, thromboplastin formation is reduced 
and delayed. When the two are combined rapid thromboplastin formation is 
restored (Fig. 1). These findings suggest that both factor V and antihaemo- 
philic globulin are necessary for normal blood thromboplastin formation. 


The interactions between the thromboplastin components 

The distribution in the serum and plasma samples used in this investigation 
of the factors considered necessary for thromboplastin formation is shown in 
Table 1. It is probable that preliminary reactions involving only two or three 
of the necessary components precede the appearance of thromboplastin. 
Evidence for the existence of such serial reactions might be obtained in 
different ways. For instance, if preliminary reactions occur then the pre- 
incubation of suitable combinations should lead to the formation of inter- 
mediate products which would form thromboplastin more rapidly when the 
remaining components are added, than if all five are incubated simultaneously. 
To determine whether or not any such acceleration occurs, a selection of the 
five necessary factors may be incubated together with CaCl, and after 2 or 
3 min the remaining reagents may be added and thromboplastin formation 
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studied. In these experiments, antihaemophilic globulin, factor V and platelets 
were prepared from normal plasma. The serum from a patient treated with 
ethyl biscoumacetate was used as a source of the Christmas factor and serum 


100 
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Fig. 1. Curves demonstrating thromboplastin formation in mixtures containing factor V, anti- 
haemophilic globulin and a mixture of the two. O——O, represents the thromboplastic 
activity developed in a mixture of equal parts of antihaemophilic globulin, 0-85% NaCl, 
platelets, normal serum and m/40-CaCl,; x x, factor V, 0-85% NaCl, platelets, normal 
serum and CaCl,; @——@, antihaemophilic globulin, factor V, platelets, normal serum and 
CaCl,. In this and subsequent illustrations the thromboplastic activity was measured by 
removing 0-1 ml. samples at intervals and adding these to 0-1 ml. amounts of citrated normal 
plasma which were recalcified with 0-1 ml. of m/40-CaCl, and observing the clotting times. 
The clotting times were interpreted in terms of thromboplastin concentrations using a 
dilution curve (Biggs e¢ al. 1953). The results are the average figures derived from twelve 
independent experiments. 


TaBLz 1. Thromboplastin components present in a variety of blood samples 


Anti- 
haemo- 
Type of sample Platelets bulin factor V VII 

normal + + + + + 
ormal -treated plasma - + - + - 
Normal serum ~ - + - + 
Haemophilic plasma + - + + + 
Haemophilic Al(OH),-treated plasma ~ - - + - 
Haemophilic serum - - + + + 
Plasma in Christmas di + + - + + 
disease plasma Al(OH),- ~ + - + 
Serum in Christmas disease - + - + + 
Plasma in ethyl biscoumacetate 
Plasma in ethyl biscoumacetate - + - + - 

therapy Al(OH),-treated 
in ethyl biscoumacetate - + + + m 
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from a patient with Christmas disease was used as a source of factor VII 
(see Table 1). 

Since there is no clue as to the nature of any of the possible preliminary 
reactions there is no alternative but to test all of the possible combinations of 
factors taken two, three or four at a time. To illustrate the general plan of 
these experiments one will be described in detail. Thromboplastin formation 
was followed in a mixture containing 0-3 ml. of preparations of each of the 
five necessary components and CaCl,. The progress of thromboplastin forma- 
tion is shown in Fig. 2. In another test, 0-3 ml. of each of factor V, platelets, 
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Fig. 2. Curves demonstrating blood thromboplastin generation, when all of the necessary 
thromboplastin components are mixed at the same time (O———O); when antihaemophilic 
globulin, platelets and CaCl, are first incubated at 37° C for 3 min and the mixture completed 
to contain all of the necessary components ( x x); and when platelets, factor V, the 
Christmas factor and CaCl, are incubated at 37° C for 3 min and the mixture completed to 
contain all of the thromboplastin components (@——®). 


the Christmas factor and CaCl, were incubated for 3 min at 37° C. After this 
time 0-3 ml. of each of antihaemophilic globulin and factor VII were added, 
and thromboplastin formation studied as before. When the results of this 
pre-incubation experiment are compared with those of the test in which all 
five reagents were present from the start it will be seen that pre-incubation 
led to accelerated thromboplastin formation (Fig. 2). From these results it is 
to be presumed that some reaction involving platelets, factor V and the 
Christmas factor precedes the formation of active thromboplastin. In another 
experiment platelets, anti-haemophilic globulin and CaCl, were first incubated, 
and then factors V and VII and the Christmas factor were added (Fig. 2). 
In this experiment there was no acceleration of the final speed of thrombo- 
plastin formation, and it must be concluded that platelets and antihaemo- 
philic globulin do not react together. 
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In this way all of the twenty-five possible groups of factors taken two, 
three or four at a time were pre-incubated with CaCl, and the mixtures 
completed to contain the five necessary factors. Pre-incubation of one of the 
ten combinations of factors taken two at a time led to acceleration of thrombo- 
plastin formation. Pre-incubation of four of the ten possible combinations of 
factors taken three at a time led to acceleration and pre-incubation of four 
of the possible five combinations of factors taken four at a time produced 
acceleration on addition of the fifth. The combinations of factors which led 
Taste 2. The combinations of factors which, when incubated together, lead to accelerated 

thromboplastin formation on completion of the mixture to contain all of the components 
required for thromboplastin formation. + indicates that the substance was present in the 
initial mixture. — indicates that the substance was omitted. 


c Christmas Factor Factor 
Expt. CaCl, factor 


+i 


ti 


to acceleration of the final reaction are shown in Table 2. These results can 
be divided into two groups. In Expts. 1-3 the pre-incubated mixtures all 
contained platelets, Christmas factor and factor V. In Expts. 2 and 4-9 all of 
the pre-incubated mixtures contained the antihaemophilic globulin and the 
Christmas factor. These results suggest that at least two preliminary reactions 
may be involved in thromboplastin formation, in one platelets, factor V and 
the Christmas factor react, and in the other antihaemophilic globulin and the 
Christmas factor are involved. Factor VII does not apparently take part in 
any appreciably time-consuming preliminary reaction. 
Glass and silicone surfaces and the generation of thrombin 

The generation of thrombin in normal whole blood. The five components 
used in these tests react together to form thromboplastin in the presence of 
CaCl,. In the circulating blood this reaction does not, apparently, occur, and 
it must be presumed that one or more of the components are inactive until 
the blood is shed. The effect of glass contact on the generation of thrombo- 
plastin is studied in an attempt to determine which, if any, of the factors is 
changed by such contact. These experiments must necessarily be carried out 
with whole blood or plasma, and the evidence on individual factors must be 
inferred. The problem has therefore been approached from several points of 
view in the hope that the summation of evidence may be more reliable than 


that from one source alone. When untreated normal blood is transferred to 
35-2 
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a glass tube there is, prior to coagulation, a latent period lasting 3-4 min 
during which no thrombin can be detected (Macfarlane & Biggs, 1953). This 
latent period represents the duration of the reactions required for the forma- 
tion of thromboplastin from its precursors. After this delay phase, rapid 
thrombin formation immediately follows the formation of a powerful thrombo- 
plastin. In this test thrombin formation is an indicator of thromboplastin 
formation provided that prothrombin is present in normal amounts. If 
instead of using glass tubes the blood is run into silicone-coated tubes the 
delay phase is increased usually by 5-10 min. This observation suggests that 
glass alters some factor or factors in the blood which are necessary for thrombo- 
plastin formation while the silicone surface is relatively inactive. If this 
supposition is true then the addition to normal blood collected into silicone- 
treated tubes of appropriate blood derivatives already exposed to glass 
should accelerate thrombin formation and, as it were, by-pass the usual effects 
of glass contact. To test this hypothesis 2 ml. of whole normal blood was 
collected into a silicone-treated tube containing 0-2 ml. of the derivative to be 
tested. Thrombin formation was then followed and the results compared with 
a similar test in which the supposedly active derivative was replaced with 
NaCl. 

Using this technique serum samples from a normal subject, a haemophilic 
subject, a patient under treatment with ethyl biscoumacetate and from 
a patient with Christmas disease were tested (Fig. 3). From the results of these 
tests it is clear that the serum from the normal, the haemophilic, and the 
patient treated with ethyl biscoumacetate, all contain some factor which can 
accelerate thromboplastin formation in blood which has not been in contact 
with glass. The serum from the patient with Christmas disease was inactive. 
Interpreting these results from Table 1 it appears that when the Christmas 
factor is present the serum is active in substituting for glass contact, but when 
it is absent there is no activity. The presence or absence of factor VII does not 
influence the result. That factor VII is not influenced by contact is supported 
by the observation that when the blood of patients treated with ethyl 
biscoumacetate is placed in a glass tube there is no unusual delay in thrombin 
formation and therefore also presumably no delay in thromboplastin genera- 
tion. This finding suggests that the blood of these patients does not lack any 
substance normally activated by contact (Fig. 4). 

In a similar manner, platelet suspensions and brain emulsion were tested 
in their ability to accelerate thrombin formation in normal blood collected 
into silicone-treated tubes (Fig. 3). Untreated brain emulsions eliminate the 
whole of the delay phase. Suspensions of washed platelets prepared from 
normal plasma are as active as the serum samples. When normal serum and 
platelets are present together the mixture has a greater effect than that of 
either component separately (Fig. 3). 
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Freshly collected citrated plasma does not accelerate thrombin formation in 
whole normal blood in silicone-coated tubes, but if the plasma is stored in 
contact with glass some activity develops (Fig. 5), possibly as a result of 
a change in the Christmas factor. 


, 
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Fig. 3. Curves demonstrating thrombin formation from whole normal blood placed in silicone 
tubes to which various reagents were added in the proportion of 1 part of reagent to 10 parts 
of blood. x x, saline added; O———O, serum from a patient with Christmas disease 
added; A A, platelets added; A——A, platelets and normal serum added; @——®, 
brain extract added. The discontinuous lines represent additions of normal serum, haemo- 
philic serum and serum from a patient treated with ethyl biscoumacetate. The thrombin 
concentrations in this and subsequent diagrams were deduced from a dilution curve using 
the observed clotting times. By the method used a clotting time of 12 sec represents 
10 units/ml. of thrombin in terms of a specific preparation of thrombin topical (Parke Davis). 
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Fig. 4. Curves demonstrating thrombin formation in whole normal blood collected into glass 
tubes (O——0O), and in the whole blood of patients treated with ethyl biscoumacetate 
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These results, taken together, suggest that during the delay phase of normal 
coagulation some change occurs involving the Christmas factor and platelets, 
this change being brought about by contact of plasma with glass. 

The generation of thrombin in citrated plasma. In a second method of 
approach to this problem, citrated plasma samples from patients with various 
clotting abnormalities were prepared in silicone-coated tubes. In normal 
platelet-containing plasma all of the necessary thromboplastin constituents 
are present, but blood from patients with haemophilia lacks antihaemophilic 


Thrombin units 


i i i 


Incubation time (min) 


Fig. 5. Thrombin formation in 2 ml. of normal blood collected into silicone-coated tubes. The 
tubes contained (1) 0-2 ml. of saline ( x x); (2) 0-2 ml. of fresh normal citrated plasma 
(@——@); (3) 0-2 ml. of plasma stored for 24 hr (O——O). 


globulin and blood from patients with Christmas disease lacks the Christmas 
factor. Using slowly or rapidly centrifuged samples from normal subjects and 
patients with haemophilia or Christmas disease, one or two of the five com- 
ponents for thromboplastin formation can be excluded from the system, and 
the remaining three or four factors can be exposed to glass contact in various 
combinations and the generation of thrombin can be followed in specimens 
stored in silicone in parallel with those exposed to glass. Experiments carried 
out in this way are shown in Fig. 6 and Table 3. 

To illustrate the general plan of these experiments a test on haemophilic 
plasma (Fig. 6B,) will be described in detail. Blood was collected from 
a haemophilic subject into a silicone-coated container and centrifuged at 
1000 rev/min for 5 min. The platelet-containing plasma was separated and 
divided into two parts. One part was stored in a silicone-coated tube and the 
other was placed in a small glass bottle containing 3 glass beads and rotated 
slowly on an inclined turn-table for 2 hr. At the end of this time 1 ml. of the 
plasma stored in silicone tubes was placed in a silicone-coated tube and 
0-1 ml. of an antihaemophilic globulin preparation was added and the mixture 
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incubated at 37°C. In this experiment Al(OH),-treated normal plasma was 
used as a source of antihaemophilic globulin. 1 ml. of m/40-CaCl, was added 
to the mixture and the generation of thrombin was followed by removing 
0-1 ml. samples at intervals and adding them to fibrinogen. The glass- 
contacted specimen was tested in the same way. The two test samples differed 
only in their exposure to glass. The antihaemophilic globulin was added to 
the specimens because in its absence no thromboplastin formation can occur. 


Slowly centrifuged Rapidly centrifuged 

: 

8 

4+ 

C, Cc; 

4} 
24 


2 4 & 6 6. 
Incubation time (min) 

Fig. 6. Thrombin formation in slowly and rapidly centrifuged plasma samples from norma 
subjects A, and A,, haemophilic patients B, and B,, and patients with Christmas disease 
C, and C,. The plasma was either stored in silicone tubes or exposed to glass contact for 2 hr. 
O——O, specimens exposed to glass; x x, specimens stored in silicone. In each 
experiment any thromboplastin-g ting component known to be lacking was added. 
Thus in the curves of diagram B, the results of experiments on slowly centrifuged haemo- 
philic plasma are shown and in this experiment antihaemophilic globulin was added before 
testing. 


The same amount of the same preparation of antihaemophilic globulin was 
added in each of the two tests so that from the point of view of contact with 
glass the effect on the antihaemophilic globulin is eliminated in this experi- 
ment. The effect of contact, which is very large in this example, must have 
operated on the factors contained in the haemophilic plasma and, as Table 1 
shows, these are factors V and VII, the Christmas factor and platelets. 
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Similar experiments carried out with other samples give other combinations 
of factors in which the effects of glass contact may be studied. In experi- 
ments with rapidly centrifuged plasma 0-1 ml. of a concentrated platelet 
preparation was added before testing, and in experiments with plasma from 
patients with Christmas disease 0-1 ml. of normal serum or serum from 
a patient treated with ethyl biscoumacetate was added just before testing. 
The results of these tests are shown in Fig. 6. In Table 3 the factors contrasted 
by the design of each experiment are indicated. 


Taste 3. The constitution of plasma samples used in the experiment 
illustrated in Fig. 6 


Factors present in Factors present in 
centrifuging specimen* just before testing preparationt 
Normal Slow (Fig.6A,) Platelets, Nil Nil 
factor, factor V 
and factor VII 
Rapid (Fig. 6A,) Platelets Platelets 
facto rV 
and factor VII 
Haemophilic Slow (Fig.6B,) Pilatelets,Christmas Al(OH),-treated 
factor, factor V plasma bulin and 
and factor VII 
Rapid (Fig. 6B,) Christmas factor, Platelets and Platelets, anti- 
factor V and Al(OH),-treated haemo 
fhotor V 
Vv 
oo Slow (Fig. 6C,) Platelets, anti- Serum from a Christmas factor or 
haemo Christmas factor 
with Christ- globulin, factor V _—— with ethyl factor VII . 
mas factor and Vil umacetate 
deficiency or normal serum 
Rapid (Fig. 6C,) Antihaem Platelets and Platelets and 
globulin, V_—s serum from a Christmas factor, 
and factor VII patient treated or platelets, 
with ethyl Christmas factor 
biscoumacetate and factor VII 
or normal serum 


* The experiment shows the effect of glass contact on these factors. 
+ The effect of glass contact on these factors is eliminated from the experiment. 

; Reference to Table 3 and Fig. 6 shows that contact with glass had no 
significant effect in one experiment (Fig. 6C,).' In this experiment the effect 
of contact with glass on factors V and VII and the antihaemophilic globulin 
were tested. It must be concluded that these factors are not altered by contact 
with glass. The maximum effect of glass contact occurred in the experiments 
illustrated in Fig. 6A, and B,. In these two experiments both platelets and 
Christmas factor were exposed to glass contact. In the remaining experi- 
ments either platelets or the Christmas factor were involved, and the effect of 
contact was intermediate in type between the experiments in which both 
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factors were involved or neither were present. The findings are summarized 
in Fig. 7 by averaging the results of experiments in which both of the relevant 
factors were exposed to contact and comparing the resulting curve with the 
average results of exposing to glass either the Christmas factor or platelets or 
neither of these factors. 

These experiments show that both platelets and the Christmas factor are 
influenced by contact with glass, and that the maximum effect is achieved 
when both factors are present in large amounts. Factors V and VII and the 
antihaemophilic globulin are not, apparently, altered by contact. 


Thrombin units 
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Fig. 7. Curves demonstrating the average thrombin formation in various types of plasma sample. 
O——O, both the Christmas factor and platelets were exposed to glass contact; @——@ 
the Christmas factor was exposed to contact but the platelets were not exposed; 7——-V7 
platelets were exposed to glass but the Christmas factor was not exposed; x x, neither 
the Christmas factor nor the platelets were exposed to glass. 


Glass contact and the generation of thromboplastin. In the third method of 
approach to this problem the effect of contact with glass on the activity of the 
Christmas factor in thromboplastin generation was studied. Rapidly centri- 
fuged haemophilic plasma diluted 1/10 with 0-85°% NaCl was used as a source 
of Christmas factor and factor VII in the thromboplastin generation test. 
_ Al(OH),-treated normal plasma was used as a source of antihaemophilic 
globulin, and factor V and platelets were prepared from normal whole plasma. 
To the mixture of antihaemophilic globulin, factor V and platelets was added 
either a dilution of rapidly centrifuged haemophilic plasma which had been 
kept in silicone-coated tubes, or one that had been exposed to glass. From 
Fig. 8 it is clear that contact with glass facilitates thromboplastin formation. 
Since previous evidence has shown that factor VII is not influenced by 
contact with glass the increased activity is probably due to a change in the 
Christmas factor. 
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Fig. 8. Curves demonstrating thromboplastin formation in mixtures containing the Christmas 
factor supplied by rapidly centrifuged haemophilic plasma. O——O, the haemophilic 
plasma was exposed to glass before use. x x, the haemophilic plasma was not exposed 
to contact. 


DISCUSSION 


The purpose of the foregoing experiments is to gain further information on the 
mechanism by which thromboplastin is formed in normal blood. They seem 
to show that at least five recognizable factors are concerned, these being the 
platelets, antihaemophilic globulin, factor V, factor VII and the Christmas 
factor. Calcium is also required. The implication of a number of reactants in 
the production of a final (thromboplastic) activity suggests some system of 
preliminary interaction between pairs of factors and between their products, 
rather than the simultaneous interaction of all five factors and calcium. 

By studying the activity of thromboplastin-generating mixtures made up 
of different pre-incubated combinations of factors, it was found that the 
Christmas factor appears to undergo preliminary reactions with the factor V 
and platelets, and with antihaemophilic globulin. Since contact with a foreign 
surface seems to be the initial stimulus to natural coagulation it is probable 
that some reaction set in motion by surface contact is the first link in a chain 
of events leading to the appearance of thromboplastin. By a second series of 
experiments in which various factors or combinations of factors previously 
exposed to glass were added to a thromboplastin-generating system which 
had not been so exposed, evidence was obtained suggesting that the Christmas 
factor and platelets are activated by contact. In blood which has not been 
exposed to a foreign surface, therefore, Christmas factor and platelets are 
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bly inactive. From these two sources of evidence it appears that the 
initial stage of coagulation may be the activation of Christmas factor and its 
interaction with the platelets. There is evidence to link factor V with the 
reactions involving the platelets. Factor VII is necessary for the final forma- 
tion of thromboplastin and calcium is required apparently at all stages. 

There is no direct information at present on the possible nature of these 
suggested reactions. It has been shown (Douglas & Biggs, 1953) that both 
factor V and antihaemophilic globulin are consumed in the process of forming 
thromboplastin, a finding which agrees with previous observations by Graham, 
Penick & Brinkhous (1951) and Alexander, Goldstein & Landwehr (1951) on 
the consumption of these factors during normal coagulation. Factor VII and 
Christmas factor, on the contrary, are not consumed, being thus found in the 
serum after thromboplastin formation is complete. It is probable, therefore, 
that factor V and antihaemophilic globulin are converted into other sub- 
stances (perhaps into thromboplastin itself) and may be substrates for enzyme 
action, whereas factor VII and Christmas factor may be catalysts, and, in 
fact, enzymes. 

Several hypothetical schemes of interaction can be constructed to fit the 
experimental evidence so far obtained. Since this is neither conclusive nor 
complete, little would be gained by discussing at length such hypotheses 
which, in the present stage of the investigation, are useful only in indicating 
further experiments. Two examples, however, are briefly presented. On the 
literal interpretation of the observations described it would appear that the 
Christmas factor, following activation by surface contact, takes part in 
separate and simultaneous reactions with the platelets and factor V and with 
antihaemophilic globulin. The products of these two reactions might then 
be expected to interact to form thromboplastin. There is some evidence 
suggesting that factor VII operates at a late stage of the mechanism. 
The scheme below fulfils these observations. This scheme has the disadvantage 
that it postulates a dual role for the Christmas factor, fails to explain apparent 
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activation of two factors by contact and proposes two intermediate products, 
An alternative and in some ways more satisfactory scheme is set out as follows: 


Precursor + platelets 
Contact 
Product Vv 
Factor VII 
Thromboplastin 


This scheme accounts for the action of contact on both the Christmas factor 
and platelets; it suggests that antihaemophilic globulin and the Christmas 
factor react together, which would account for the similar clotting defects 
caused by deficiency of these factors; it places factors V and VII together 
which is reasonable since it is these two factors which are required for the 
activity of brain thromboplastin, and it proposes only one hypothetical 
intermediate product. On the other hand, this scheme does not account for 
the apparent association between factor V and platelets. 

It is clear that further information must be obtained before the complicated 
mechanism of thromboplastin formation can be elucidated. The approach to 
the problem is beset with technical difficulties, and caution must therefore be 
exercised in the interpretation of experimental results. Restraint is also 
necessary in the formulation of hypotheses since it must be borne in mind that 
such hypotheses may soon be rendered obsolete by new observations and that 
other factors, at present undiscovered, may be concerned in the reaction. 


SUMMARY 

1. Five factors, platelets, anti-haemophilic globulin, the Christmas factor 
and factors V and VII, together with CaCl,, are necessary for blood thrombo- 
plastin formation. 

2. From study of the activity of thromboplastin-generating mixtures made 
up of different pre-incubated combinations of factors it is suggested that 
preliminary reactions involving only two or three of the essential components 
precedes the formation of active thromboplastin. The exact nature of these 
reactions has not been determined. 

3. It has been shown that exposure to glass accelerates thrombin formation 
if the Christmas factor or platelets are present. The greatest effect was 
demonstrated when both factors were present in large amounts. Factor V, 


factor VII and anti-haemophilic globulin are, apparently, not affected by 
contact with glass. 
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THE ACTION OF THROMBOPLASTIC SUBSTANCES | 
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Studies of the initial stages of blood coagulation have shown that, following 
contact with a foreign surface, a potent coagulant activity is produced by 
a reaction involving at least five factors contained within the blood itself 
(Biggs, Douglas & Macfarlane, 1953a, 6). This activity has been referred to 
throughout these studies as ‘thromboplastic’, and it is implied that it is due to 
the formation of an actual, though labile, substance termed ‘blood thrombo- 
plastin’. It is now necessary to consider more precisely what is usually meant 
by this term ‘thromboplastin’, the substances and activities to which it has 
been applied, and the relationship of these to the newly recognized activity 
developed in blood. 

According to the classical theory of coagulation derived from the work of 
Schmidt (1892), Morawitz (1905) and Mellanby (1909), the conversion of 
prothrombin to thrombin is brought about by a factor called ‘thrombo- 
plastin’ or ‘thrombokinase’, thought to be provided by damaged tissues and 
possibly by the platelets. Conventional views on the action of this factor, as 
summarized by Howell (1912), ‘assume that the thromboplastic substance is 
of the nature of an activator or co-ferment essential to the conversion of 
prothrombin’ and that thromboplastic substances ‘cause the formation of 
thrombin from prothrombin by a process of splitting, or as we say now 
activation’. Other views, including Howell’s own, diverged from this concept 
of thromboplastin as the direct and essential activator of prothrombin, but 
most modern work has been based on it. 

Unfortunately, the role of thromboplastin as the direct activator of pro- 
thrombin is difficult to substantiate, because it is difficult to prepare pro- 
thrombin free from other factors which might participate in its activation. 
In practice, therefore, thromboplastic activity is usually judged by the ability 
of a given preparation to accelerate the clotting of recalcified citrated or 
oxalated blood or plasma, it being shown that the preparation does not contain 
thrombin. By this criterion a variety of substances have been regarded as 
thromboplastic. These include extracts of many tissues, particularly brain and 
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lung, and various lipoid or lipo-protein fractions derived from them; certain 
venoms, particularly Russell’s viper venom, and certain proteases, particularly 
trypsin. These substances, under suitable conditions, will clot normal recalcified 
plasma in 10-30 sec where the clotting time of the recalcified plasma alone is 
2-3 min. It was supposed that, despite their diversity, they had a common 
ability to activate prothrombin. 

The use of recalcified plasma to detect thromboplastic activity can now be 
seen to involve serious difficulties of interpretation. The relatively long clotting 
time of such plasma is not due to a simple deficiency of thromboplastin as 
originally assumed ; it is due to the relatively slow operation of a system which 
finally produces a thromboplastin more potent as a coagulant than any of the 
‘thromboplastic’ substances already mentioned. Acceleration of the clotting 
of recalcified plasma therefore may be produced in different ways. The effect 
of an added preparation may, in fact, be due to its direct activation of pro- 
thrombin, that is, to a ‘classical’ thromboplastic action. But a similar 
accelerating effect may also be produced by accelerating in some way the 
formation of the intrinsic thromboplastin. Such an indirect effect must be 
clearly distinguished from a direct action on prothrombin if the mode of action 
of the so-called thromboplastic substances is to be understood. 

Evidence already exists that tissue extracts and Russell’s viper venom 
require the co-operation of other factors in order to promote the conversion of 
prothrombin. Brain extract, widely used as ‘thromboplastin’ in the one-stage 
prothrombin time test, will not cause its usual rapid coagulation of plasma if 
this plasma lacks factor V or factor VII. In attempts to reconcile this finding 
with the current conviction that brain extract is a typical thromboplastin, 
factors V (Owren, 1947) and VII (Koller, Loeliger & Duckert, 1951) have been 
supposed to be necessary accelerators of a direct reaction between brain 
thromboplastin and prothrombin. But the recent observation that factors V 
and VII are concerned in blood thromboplastin generation suggests that this 
previous supposition may not be correct; the brain extract may require to be 
activated by factors V and VII before it is capable of converting prothrombin 
to thrombin. Russell’s viper venom, which also has been used widely as a 
thromboplastin in prothrombin determinations, requires the presence of 
platelets or a lipoid such as lecithin in order to accelerate coagulation, and is 
incapable of clotting recalcified plasma from which platelets and lipoid have 
been removed (Macfarlane, Trevan & Attwood, 1941). It is unlikely therefore 
to have a direct effect on prothrombin. 

It is clear that the recognition of the thromboplastin-generating system of 
the blood has made necessary a revision of existing views on the mode of 
action of so-called thromboplastic substances. In this communication evidence 
is presented which may clarify the ways in which these substances accelerate 
coagulation, and indicate their relationship to, or dependence on, the factors 
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involved in blood thromboplastin formation. The substances investigated are 
brain extract, Russell’s viper venom and trypsin, which were thought likely 
to be representative thromboplastic agents. Since information on the action 
of such factors can often be obtained by examining the conditions under which 
they are inhibited, an investigation of soya-bean trypsin inhibitor and of 
heparin, both of which are known to antagonize so-called thromboplastic 
activity, have been included. 


METHODS 

Human brain extract was prepared as described by Biggs & Macfarlane (1953). 

Russell's viper venom. The preparation ‘Stypven’ of Burroughs and Wellcome was used. 

Trypsin. Armour crystalline trypsin was used. 

Soya-bean inhibitor was kindly provided by Dr M. Kunitz. 

Heparin made by Abbott Laboratories was used. 

Factor V, prothrombin and fibrinogen were prepared as described by Biggs & Macfarlane (1953). 

Serum was collected as described by Biggs et al. (1953). 

The generation of thromboplastin was tested essentially as described by Biggs et al. (19536). In 
various tests components of the thromboplastin system were replaced wholly or in part by various 
substances. The amount of thromboplastic activity developed in these experiments was assessed 
in terms of the blood thromboplastin system using the dilution curve prepared by Biggs et al. 
(1953). The modifications in technique required by the different experiments are indicated in the 
appropriate sections. 


RESULTS 
Brawn extracts 

If brain extract undergoes a reaction with factors V and VII before the product 
reacts with prothrombin then the incubation of brain extracts with these 
factors will enhance the activity of the extract. In these experiments normal 
serum was used as a source of factor VII; although normal serum also contains 
the Christmas factor this will not influence the results because there is evidence 
that the Christmas factor is not required for the action of brain extract. The 
increased activity of the brain can be tested by demonstrating the ability of 
the mixture to clot either recalcified citrated plasma or a mixture of pro- 
thrombin and fibrinogen. 

Brawn extract and the coagulation of plasma. When a relatively concentrated 
preparation of brain extract which had been incubated with serum and 
factor V and CaCl, was added to normal recalcified plasma it caused clotting 
in 5 sec. The brain extract alone diluted with 0-85% NaCl and m/40-CaCl, 
instead of serum and factor V and CaCl, caused clotting in 20 sec. It is clear 
that pre-incubation with factors V and VII greatly enhanced the activity of 
the brain extract. Since such very short clotting times are difficult to record 
reliably, brain extracts diluted 1/50 were used in the majority of experiments. 
When such diluted brain extracts were incubated with factor V and normal 
serum for 5 min there was an increase in activity of about 12-fold. At this 
dilution the brain extract clotted normal plasma in the presence of CaCl, in 
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44 sec. The mixture containing factor V and serum caused clotting in 14-15 sec. 
| The results of this experiment are shown in Table 1 (top line). Serum or 
factor V alone added to brain caused a two- to fourfold increase in activity, 
the results being rather variable and presumably depending on the amount of 
factor VII contaminating the factor V preparation and the amount of factor V 


Tas_e 1, 0-1 ml. of ‘thromboplastic’ substance was mixed with 0-4 ml. amounts of various mix- 

tures. The completed mixtures were then incubated for 5 min at 37° C and 0-1 ml. amounts 
were withdrawn and added to 0-1 ml. of platelet-poor citrated plasma from a normal subject 
together with 0-1 ml. amounts of CaCl,-m/40 and the clotting times recorded in seconds. 
The figures represent the average results of four independent experiments. 


Mixture added to ‘thromboplastic’ substance 
Saline, 0-1 ml. Saline, 0-1 ml. Saline,0-l mil. Factor V, 0-1 ml. 
l 


Brain extract, 44 15 28 17 
0-1 ml. 
Russell’s vi 25 15 13 10 
venom, 0-1 ml. 
Trypsin, 60 51 29 21 22 
| Ol ml. 


The brain extract used was prepared by suspending 0-5 g of dried human brain in 10 ml. of 
0-85 % NaCl and diluting the supernatant emulsion 1/50. 


of prodact ob concentration of 1 mg/ml. 
in 0-85% NaCl. 
Factor V was isolated from normal plasma and used at a dilution of 1/5 of that present in normal 


plasma. 
Normal serum was used at a dilution of 1/5 with 0-85% NaCl. 
The platelets were prepared from normal plasma and used at a concentration of 3 times that of 


normal plasma. 


in the serum. Platelets and serum used together caused a considerable 
improvement in activity which may have been due partly to the factor V 
provided by platelet suspensions (Ware, Fahey & Seegers, 1948; Biggs & 
Macfarlane, 1953). When both serum and factor V were present the addition 
of platelets led to a further increase in activity. 

In other experiments diluted brain extracts were incubated with various 
mixtures of known blood thromboplastin components and the activity 
assessed at intervals (Fig. 1). It will be seen that as the time of incubation 
> — lengthens the thromboplastic activity of the mixtures increases, suggesting 
a reaction between the brain extract and the blood components. 

These results show that the clot-accelerating activity of brain extracts for 
normal plasma can be greatly increased by factor V and a substance present 
in serum. When platelets, normal serum and factor V are incubated with 

PH. CXXII. 36 


Thromboplastic’ Saline, 0-3 ml. Serum,0-1ml. Platelets, 0-1 ml. Serum, 0-1 mi. Platelets, 0-1 ml. 
substance used CaCl, O-lml. CaCh,Olml. CaCl,Olml. CaCl, Olml.  CaCh, 


therefore be suggested that this substance, or something which will replace it, 
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diluted brain extract, the mixture then contains all the components necessary 
for blood thromboplastin formation except antihaemophilic globulin. Itmay | 


is present in high concentration in brain extract. The main conditions which 
limit the activity of brain extract are the absence of factors V and VII. 
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Incubation time (min) 

Fig. 1. Curves demonstrating the enhanced thromboplastic activity of brain extract (continuous 
lines) and Russell’s viper venom (broken lines) on incubation with various blood thrombo- 
plastin components. x x, brain extract, platelets, factor V and normal serum ; O——O, 
brain extract, factor V and normal serum; x ---- x, Russell’s viper venom, platelets, 


factor V and serum; © - - - -O, Russell’s viper venom, factor V and serum. 
In this and in subsequent illustrations the thromboplastic activity was measured by 


removing 0-1 ml. samples at intervals and adding these to 0-1 ml. amounts of citrated normal 
plasma which were recalcified with 0-1 ml. of m/40-CaCl, and the clotting times were observed. 
The clotting times were interpreted in terms of thromboplastin concentrations using a dilution 
curve (Biggs ef al. 1953a). 
Brain extract and the coagulation of a mixture of prothrombin and fibrinogen. 
The fact that brain extract reacts with factors V and VII before the conversion 
of prothrombin to thrombin occurs can be demonstrated rather more clearly 
using prothrombin and fibrinogen separated from plasma. Brain extract alone 
has little power to clot a mixture of prothrombin and fibrinogen (Table 2). 
If serum and factor V are added to the brain extract and the mixture incubated 
with CaCl, there is a progressive and marked improvement in the ability of the 


mixture to clot prothrombin and fibrinogen in the presence of CaCl,. The 
addition of factor V and serum to the substrate prothrombin and fibrinogen — 
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has some effect, but this is not nearly so striking as when the reagents are 
incubated with the brain. The inclusion of either factor V or serum in the brain 
mixture has little effect. 

These results suggest that the brain extract first reacts with factors V 
and VII and that the product of this reaction converts prothrombin to 
thrombin. 


Taste 2. In different experiments brain extract was incubated at 37° C with the substances 
_ indicated in column 1, At intervals of 1 min 0-1 ml. was removed from the incubation mixture 
and added, together with 0-1 ml. of u/40-CaCl, to the substrate indicated for each experiment 

in column 2. The clotting times of the substrate were recorded in seconds. 


Incubation time in minutes 

Brain, 0-2 ml. Prothrombin, 0-1 ml. 85 85 s4 88 103 73 
0-85 % NaCl, 0-4 ml. Fibri 0-1 mi. 
CaCl,-m/40, 0-2 ml. 0-85 % NaCl, 0-2 ml. 
Brain, 0-2 ml. Prothrombin, 0-1 ml. 37 36 33 35 32 27 
0-85% NaCl, 0-4 ml. Fibri 0-1 ml. 
CaCl,-m/40, 0-2 ml. Factor V, 0-1 ml. 

Serum, 0-1 ml. 
Brain, 0-2 ml. Prothrombin, 0-1 ml. 40 25 20 18 16 15 
Factor V, 0-2 ml. Fibri 0-1 ml. 
Serum, 0-2 ml. 0-85% NaCl, 0-2 ml. 
CaCl,-m/40, 0-2 ml. 
Brain, 0-2 ml. Prothrombin, 0-1 ml. 55 46 40 49 41 36 
Factor V, 0-2 ml. Fibrinogen, 0-1 ml. 
0-85% NaCl, 0-2 ml. Serum, 0-1 ml. 
CaCl,-m/40, 0-2 ml. 0-85% NaCl, 0-1 ml. 
Brain, 0-2 ml. Prothrombin, 0-1 ml. 40 35 32 33 32 27 
Serum, 0-2 ml. Fibrin 0-1 ml. 
0-85% NaCl, 0-2 ml. Factor V, 0-1 ml. 
CaCl,-m/40, 0-2 ml. 0-85 % NaCl, 0-1 ml. 


The brain extract used was prepared by suspending 0-5 g of dried human brain in 10 ml. of 
0-85% NaCl. 

The factor V was used at a concentration of 1/5 of that in whole plasma. 

The normal serum was used at a dilution of 1/5 in 085% NaCl. 

The prothrombin was used at a coneentration of about 500 units/ml. (50 units in each substrate 
test). One unit of prothrombin is the amount converted to 1 unit of thrombin, the thrombin unit 
being approximately the same as the National Institute of Health unit. 

The fibrinogen was used at a concentration of approximately 0-6% (a concentration of 0-1% 
in the substrate mixture). 


Russell’s viper venom 
Like brain extract Russell’s viper venom is not a complete thromboplastin ; 
it is known to require a lipoid for its activity (Macfarlane ef al. 1941). In 
experiments in which Russell’s viper venom was incubated with various 
thromboplastin factors it is clear that Russell’s viper venom requires factor V, 
serum and platelets for its optimum activity (Table 1, middle line). The 
increase in activity which follows the incubation develops more — 
36- 
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in similar experiments using brain extracts (Fig. 1). Russell’s viper venom is 
much more dependent on the presence of lipoid than is brain thromboplastin 
(Table 1 and Fig. 1). 
Trypsin 

Similar experiments were carried out with a solution of Armour crystalline 
trypsin at a concentration of 0-2 mg/ml. in the mixtures. From Table | 
(bottom line) it is clear that the activity of trypsin is increased by incubation 
with serum and platelets or serum, factor V and platelets. The increased 
activity can be demonstrated immediately after mixing the appropriate 
reagents. The action of trypsin appears to be less dependent on the presence 
of factor V than are the other thromboplastin preparations. 


120 


100 


Clotting time (sec) 


0 rT rT i 
20 40 60 80 100 
Relative concentration of thromboplastin (%) . 


Fig. 2. Curves demonstrating the clotting time of normal plasma on recalcification in the presence 
of various concentrations of blood thromboplastin. 

The results illustrated by the lower curve were obtained by adding 0-1 ml. of blood thrombo- 

plastin and 0-1 ml. of m/40-CaCl, to a mixture of 0-1 ml. of citrated normal plasma and 

0-1 ml. of 085% NaCl. The results illustrated in the upper curve were obtained by adding 

0-1 ml. of the same blood thromboplastin and 0-1 ml. of m/40-CaCl, to a mixture of 0-1 ml. of 


citrated normal plasma and 0-1 ml. of a solution of soya-bean inhibitor in 0-85% NaCl at 
a concentration of 12-5 mg/100 ml. 7 


Soya-bean inhibitor 
Soya-bean inhibitor and the reaction of thromboplastin with prothrombin. 
When dilutions of blood thromboplastin are added with CaCl, to normal 
plasma a curve relating clotting time and relative concentration of thrombo- 
plastin may be drawn (Fig. 2). The addition of a high concentration of soya- 
bean inhibitor to the substrate causes little change in clotting time when 
thromboplastin and CaCl, are added (Fig. 2). These results suggest that the 
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inhibitor does not interfere with the reaction between thromboplastin and 
prothrombin. 

_ Soya-bean and the destruction of formed thromboplastin. When soya-bean 
inhibitor is added to formed blood thromboplastin at a concentration 1/10 of 
that used in the previous experiment the rate of destruction of thromboplastin 
is very greatly increased (Fig. 3). If different concentrations of inhibitor are 
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Incubation time (min) 


Fig. 3. Curves demonstrating the reduction of thromboplastic activity which occurs when blood 
thromboplastin is incubated at 37° C for 1 hr in the presence or absence of soya- bean inhibitor. 
The results illustrated in the upper curve were obtained by incubating 0-9 ml. of blood 
thromboplastin with 0-1 ml. of 0-85% NaCl. The results illustrated in the lower curve were 
obtained by incubating 0-9 ml. of the same blood thromboplastin preparation with 
0-1 ml. of a solution of soya-bean inhibitor at a concentration of 12-5 mg/100 ml. to give 
a final concentration in the mixture of 1-25 mg/100 ml. 


added to the reagents required for thromboplastin generation the general 
pattern of the resulting curves suggests that the main effect of the inhibitor is 
an increased speed of destruction of thromboplastin (Fig. 4). There is no change 
in the speed of thromboplastin formation. 

Soya-bean inhibitor and thromboplastin formation. When soya-bean inhibitor 
is incubated with various combinations of the thromboplastin-generating 
components, and after incubation the mixtures are completed. to contain all 
of the necessary factors, thromboplastin formation occurs though the speed 
of thromboplastin destruction is greatly increased (Fig. 5). These findings 
suggest that the inhibitor does not destroy any of the separate thromboplastin 
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constituents nor does it prevent any preliminary reactions of thromboplastin 
formation if these occur. 
Soya-bean inhibitor and brain extract. When added to the substrate in testing 
the ability of brain extracts to accelerate the clotting of recalcified plasma, the 
soya-bean inhibitor must be present in high concentration to cause any record- 
able inhibition. It appears, therefore, that the inhibitor does not interfere 
with the formation of complete thromboplastin from brain and factors V and 
VII; neither can the inhibitor prevent the reaction of this formed thrombo- 
plastin with prothrombin. If, on the other hand, brain extract is first incubated 
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Fig. 4. Curves demonstrating the rate of formation of thromboplastin from all of the necessary 
blood constituents (factor V, antihaemophilic globulin, platelets and normal serum, and 
CaCl,) and its disappearance in the presence of various concentrations of soya-bean inhibitor 
(8.B.L.). The concentrations of soya-bean inhibitor are calculated as mg/100 ml. in the mixture 
forming thromboplastin. 


with factor V, serum and CaCl, and soya-bean inhibitor is added to the product 
of this reaction the activity disappears very rapidly (Fig. 6). The inhibitor 
therefore does not appear to prevent the formation of thromboplastin from 
brain extract but it destroys the formed thromboplastin rapidly. 


Heparin 
Heparin in association with a plasma co-factor is known to inhibit the 
thrombin-fibrinogen reaction; that it also probably interferes with thrombo- 


plastin formation is suggested by the fact that prothrombin is not converted 
to thrombin in the presence of an excess of heparin. 
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Heparin and the destruction of formed thromboplastin. In the presence of 
concentrations of heparin of } or } unit/ml., formed thromboplastin is rapidly 
destroyed. With concentrations less than these the effect is more gradual, being 
less marked in the first few minutes (Fig. 7). 


incubation time (min) 
Fig. 5. Curves to show the formation of thromboplastin from reagents previously incubated with 


soya-bean inhibitor. The results represented x x were obtained by incubating factor V, 
plateleta, normal serum and m/40-CaCl, with soya-bean inhibitor at a concentration of 
1-5 mg/100 ml.; after 5 min antihaemophilic globulin was added and the formation of 
thromboplastin in the mixture was tested at various intervals. The results represented 
@——@ were obtained by incubating antihaemophilic globulin, normal serum and m/40-CaCl, 
with the same soya-bean inhibitor concentration; after 5 min factor V and platelets were 
added and the formation of thromboplastin was tested as before. The results represented 
O——O show the destruction of formed thromboplastin in the presence of the same concen- 
tration of soya-bean inhibitor. 


Heparin and the formation of thromboplastin. In the presence of heparin, at 
a concentration as low as 1/30 unit/ml. in the mixture, the formation of 
thromboplastin is markedly depressed (Fig. 8). The formation of thrombo- 
plastin is inhibited by levels of heparin which have little effect on formed 
thromboplastin (see Fig. 7). 

It therefore appears that heparin differs in its mode of action from soya-bean 
inhibitor. Heparin, in very low concentrations, prevents the formation of 
thromboplastin. 
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Fig. 6. The curve represents the results of incubating brain extract with factor V, normal serum 
and CaCl,. When the maximum activity had developed, soya-bean inhibitor at a concentration 
of 5 mg/100 ml. was added (indicated by arrow) and the thromboplastic activity disappeared 
rapidly. The horizontal line represents the activity of the brain extract alone. In this experi- 
ment the clotting times have been interpreted in terms of thromboplastin concentration using 
a dilution curve. 

DISCUSSION 


If thromboplastin is defined as the direct activator of prothrombin then brain 
extract, Russell’s viper venom and trypsin, the substances investigated here, 
are not complete thromboplastins. Brain extract will not activate prothrombin 
effectively in the absence of factors V or VII. Thrombin is formed rapidly by 
a mixture of prothrombin, factors V and VII, and brain extract, but a far more 
rapid generation of thrombin occurs if a mixture of brain extract, and factors 
V and VII is pre-incubated and then added to prothrombin. It is therefore 
probable that factors V and VII react with the brain preparation to form 
complete thromboplastin, and do not merely accelerate a direct reaction 
between brain extract and prothrombin as supposed by Owren (1947) and 
Koller e¢ al. (1951). Since brain extract appears to react with two factors 
already shown to be required for the formation of blood thromboplastin, it 
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seems probable that brain and perhaps other tissue preparations appear to be 
‘thromboplastic’ because they accelerate or by-pass one or more stages of 
blood thromboplastin generation. If this view is correct then brain extract is 
equivalent to a mixture of platelets, antihaemophilic globulin and Christmas 
factor, being able to operate in the absence of any or all of these factors. But 
thromboplastic activity is generated much more rapidly by a mixture of brain 
extract and factors V and VII than by the five components of the blood 
thromboplastin-forming system. It is therefore likely that the active principle 
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Fig. 7. Curves demonstrating the reduction in thromboplastic activity when formed (blood) 
thromboplastin is incubated at 37° C with various concentrations of heparin. In each experi- 
ment 0-9 ml. of thromboplastin was incubated with 0-1 ml. of saline or heparin solution. The 
concentrations of heparin indicated are the final concentrations in the mixtures. 


of the brain extract is similar to, or may actually be, the product of a reaction 
between platelets, antihaemophilic globulin and Christmas factor. If the 
formation of this product is a relatively slow but necessary stage of the forma- 
tion of thromboplastin in blood, the addition of the pre-formed product will 
greatly accelerate coagulation. Thus the clotting time of recalcified plasma is 
usually about 3 min, most of this time being occupied by thromboplastin 
formation. The clotting time of the plasma with added brain extract is about 
15 sec, the shortening being due to the by-passing of the slow formation of an 
intermediate product. The clotting time of the plasma, to which has been added 
@ pre-incubated mixture of brain extract, factors V and VII, may be as short 
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as 5 sec,. this reduction being due to the elimination of the relatively fast 
reaction between brain and these two factors. The final 5 sec is presumably 
occupied by the reaction times of thromboplastin with prothrombin and of 
thrombin with fibrinogen. 
The practical importance of brain extract lies in its use in the ‘ prothrombin- 
time’ test, which is mainly applied in the control of anticoagulant therapy, 
and in the recognition of vitamin K deficiency. It is precisely because brain 
extract is not a complete thromboplastin that it is a valuable reagent in this 
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Fig. 8. Curves to show thromboplastin formation in the presence of various concentrations of 
heparin. The upper curve shows thromboplastin formation with no added heparin. The lower 


curves show the effects of different concentrations of heparin; the heparin concentrations are 
calculated per ml. of the mixture. 


test. Being sensitive to a deficiency of factors VII and V, it reveals the 
response to anticoagulant therapy, the main effect of which is to reduce 
factor VII, and allows the recognition of factor V deficiency. If it were a 
complete thromboplastin, its use would be largely limited to demonstrating 
prothrombin deficiency, a rare and relatively unimportant condition. 

The nature of the active principle of brain and other tissue extracts may 
well provide a clue to the nature of complete thromboplastin. Unfortunately, 
previous work which has sought to identify this active principle has been 
hampered by the lack of understanding of the action of so-called ‘thrombo- 


| 
* 

4 

« 

3 


THROMBOPLASTIC SUBSTANCES 567 


plastic’: substances. Many workers, notably Howell (1912) and Chargaff, 
Bendich & Cohen (1944) have ascribed thromboplastic activity to various 
lipoid or lipo-protein fractions prepared from tissues or blood. It is probable 
that these preparations are not thromboplastin in the classical sense, but 
substitutes for one or other of the components required for thromboplastin 
formation, the accelerating effect of such substitutions being interpreted as 
thromboplastic activity. Thus a suitable lipoid or serum preparation, will 
accelerate the coagulation of a platelet-deficient, or factor VII-deficient 
system respectively, the apparent ‘thromboplastic’ action being conditioned 
by the unappreciated deficiencies of the test system used. With new knowledge 
available fresh investigations of the activity of relatively pure tissue and blood 
derivatives are likely to be rewarding. 

Though both Russell’s viper venom and trypsin have been regarded as 
thromboplastins in that they were thought to promote coagulation by 
activating prothrombin, they cannot be considered ‘physiological’ coagulants 
and their action may have no close parallel in the natural process of clotting. © 
Russell’s viper venom is remarkable for an extreme activity which can be 
demonstrated in dilutions of one in many millions. Like brain extract, the 
venom requires both factors V and VII for effective activation of prothrombin. 
Unlike brain extract the venom requires in addition the presence of platelets 
or @ suitable lipoid substitute such as lecithin. It is interesting that lecithin 
will not act as a substitute for platelets in blood thromboplastin generation, 
but will form an intensely active thromboplastin with venom together with 
factors V and VII. The venom, in the presence of lipoid, appears to react more 
rapidly with factors V and VII than does brain, thus the clotting time of 
plasma with venom and lecithin is considerably shorter than with brain 
extract. Trypsin is also dependent on the presence of platelets, and factors V 
and VII, for the promotion of thromboplastin generation, and it also reacts 
extremely rapidly with these factors. Trypsin thus seems to resemble Russell’s 
viper venom in its mode of action, but it is less critically dependent on the 
amount of factor V. In view of many suggestions that thromboplastic activity 
involves proteolytic action, it should be noted that Russell’s viper venom, 
unlike trypsin, produces no obvious proteolysis. 

The apparent antithromboplastic actions of heparin and soya-bean trypsin 
inhibitor are of interest. Heparin in relatively low concentrations produces 
a considerable delay in blood thromboplastin formation. It is much less 
effective as an inhibitor of pre-formed thromboplastin, though in high 
concentrations it will produce some destruction of this activity. Studies of 
the exact mode of action of heparin are complicated by its activity as an 
antithrombin, and by the fact that thrombin itself seems to catalyse thrombo- 
plastin generation (Biggs & Macfarlane, 1953). Further study is thus required. 
Soya-bean trypsin inhibitor is less difficult to investigate since it has little or 
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no inhibitory effect on thrombin. The anticoagulant action of this substance 
seems to be entirely due to its inactivation of formed thromboplastin. 
Thromboplastin generation is not delayed by the presence of the inhibitor, 
nor aré the individual components of the reaction destroyed by it. The amount 
of thromboplastin demonstrated, however, is reduced in proportion to the 
amount of inhibitor present and the addition of the inhibitor to pre-formed 
thromboplastin destroys the activity whether this is generated solely from 
blood components or from mixtures including brain extracts or Russell's viper 
venom. This apparently specific inhibition of the activator of prothrombin in 
the absence of an effect on prothrombin itself (Macfarlane, 1947) strongly 
supports the view that complete thromboplastin is not a mixture of factors 
but an actual, if labile, substance which directly activates prothrombin. 


SUMMARY 
1. Thromboplastin is defined in this paper as a substance which is directly 
' responsible for the conversion of prothrombin to thrombin in the presence 
of CaCi,. 

2. Experiments with brain extracts have suggested that this extract reacts 
with factors V and VII before it is capable of converting prothrombin to 
thrombin. Brain extract is therefore not itself thromboplastic but can be 
converted to thromboplastin after reaction with factors V and VII. 

3. Experiments with trypsin and Russell’s viper venom suggest that the 
action of these two substances is similar to that of brain but the reaction with 
factors V and VII is more rapid. 

4. Soya-bean trypsin inhibitor, which is known to inhibit coagulation, 
appears to act by destroying formed thromboplastin. 

5. Heparin in low concentrations prevents the formation of blood thrombo- 
plastin from its precursors. 
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THE CIRCULATION IN THE TAIL OF A MONKEY 
(CERCOPITHECUS PYGERYTHRUS) 


By T. T. HONGO anp C. P. LUCK* 
From the Department of Physiology, University College of Fort Hare, 
| Africa 


Cape Province, 
(Received 26 June 1953) 


The vascular structures of the tail of the rhesus monkey, Macaca mulatta, were 
described by Schumacher (1907) in an investigation into the nature and 
functions of the coccygeal body and analogous structures in mammals; he did 
not, however, conduct any experiments on the blood flow in the tail. The 
following work was done on the South African vervet monkey, Cercopithecus 
pygerythrus, the structure of whose tail is similar to that described by 
Schumacher. 

In the healthy adult monkey the tail constitutes between 2-5 and 3-0% of 
the body weight. The skin accounts for as much as 30% of the tail’s weight 
and forms about 8% of the total body skin weight. The remainder of the tail 
is formed of bone and tendon with considerable amounts of voluntary muscle 
in the proximal third of the organ. The following experiments were carried out 
in an attempt to assess the part played by this organ in the general circulatory 
economy of the animal. 

ANATOMY AND METHODS 


The anatomy of the tail vessels was demonstrated by injection with coloured natural latex in the 
following way. The monkey was anaesthetized with pentobarbitone sodium, 25 mg/kg intra- 
peritoneally and was placed in a box at 40°C. It was perfused through the carotid artery with 
0-9% NaCl at the same temperature; the fluid and blood were allowed to escape through a cannula 
in the right auricle. When as much blood as possible had been removed, the lateral vein was 
cannulated 4-5 cm from the tip of the tail, and the latex injected towards the head at a pressure 
of approximately 100 mm Hg. To ensure complete filling the lateral veins were compressed 
between the fingers one or two segments above the cannula until the veins were well distended; 
the next few segments were then treated in the same way until the whole tail was injected. The 
arterial system was injected from the lower aorta. The vascular bed did not fill so well if the 
arterial system was injected first, the glomeruli caudales failing to fill completely. The injected 
tail was placed in 40% potassium hydroxide until gelatinous and transparent, when it was 
transferred to glycerine where it could be kept indefinitely without disintegrating. For dissection 
the tail was placed in glycerine diluted with water until soft enough to cut easily. Any other 
method of clearing tended to destroy the rubber and make the specimen excessively hard. 


* Present address: Department of Physiology, University College, London. 
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The arterial blood supply is through the caudal artery which in each segment gives off three or 
four cutaneous branches, branches to the muscles and tendons, and nutrient vessels to the 
epiphyses and body of each vertebra (Fig. 1). The epiphyseal branches are numerous and 
anastomose freely. The venous drainage is principally through the two lateral veins, which are 
well valved and have strongly developed muscular walls. They communicate with the central 
venous system at the epiphyses and through an anastomosing vein found in the middle of each 
tailsegment. At the junction of the anastomosing vein and the central vein there is usually a valve 
allowing flow only from the central to the lateral veins. The glomeruli caudales described in detail 
by Schumacher may be seen in nearly every segment of the tail beyond the last haemal arch 
(caudal vertebra 3 or 4 in the vervet). Occasionally there are two or more glomeruli in one segment 
and none in the adjacent segments. The largest glomeruli are usually found at the level of the 
anastomosing vein; they consist of a short branch from the caudal artery breaking up into a leash 
of smaller vessels that communicate freely with one another and join to form a vein draining into 
the central venous system. Some of the small vessels run directly between artery and vein, with- 
out communicating with one another. 


Fig. 1. Diagram of the blood vessels in the monkey’s tail. A, caudal artery; B, B,, superficial and 
deep branches of caudal artery; C, central vein; LV, lateral vein; AV, anastomosing veins; 
Va, valves; GC, glomerulus caudalis; L, central lymphatic; M, muscle and tendon; Vert., 
vertebra; S, skin. 


Usually closely associated with the large glomerulus are one or two smaller subsidiary glomeruli. 
These always arise from a long thin artery, coming from the central artery either above or below 
the large glomerulus; they break into fewer branches than do the large glomeruli and drain into 
& vein that unites them with the vein leaving the large glomerulus. Apart from these highly 
specialized types of arteriovenous anastomosis, there are many direct connexions between the 
arteries and veins of the skin. 

Some of the physiological experiments were carried out on the unanaesthetized monkey, but the 
majority required anaesthesia. The anaesthetic used was pentobarbitone sodium, given intra- 
peritoneally and adapted to the individual monkey by giving an initial dose of 25 mg/kg, observing 
the effects and modifying the dose accordingly in subsequent experiments on the same animal. The 
technique and criteria for establishing a satisfactory state of anaesthesia in the vervet are described 
elsewhere (Luck, 1953). 
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The animal was placed in box in which the temperature could be regulated. The tail was 
enclosed in an air-filled plethysmograph outside the box and hence independent of the temperature 
of the latter. When another limb was investigated it too was kept in a plethysmograph outside the 
box. Occlusion cuffs were fitted to the limb and tail to enable measurements of blood flow to be 
made. The volume recorder used has been described elsewhere (Luck, 1952). Blood pressure was 


recorded with a membrane manometer (Luck, 1951). Rectal temperature was recorded with a 


mercury thermometer, inserted to a depth of 3-7 om. 

Direct inspection of the lateral veins was possible with the tail shaved. An incision over the 
caudal artery with the tail immersed in 0-9% NaCl allowed inspection of the lymphatics and 
a more detailed inspection of segments of the lateral veins, with the aid of a binocular-dissecting 
microscope at magnifications up to forty diameters. 


RESULTS 


During the first half hour after anaesthesia the tail vessels remain widely 
dilated regardless of the rectal or environmental temperatures and no observa- 
tions were recorded during this period. Subsequently, the blood flow pattern 
resembles that of the unanaesthetized monkey. 


Spontaneous fluctuations 

With the same rectal temperature as in its unanaesthetized state, usually 
between 37 and 39° C, and with its body and tail at an environmental tempera- 
ture of 25+3°C, the blood flow in the tail varies from 20 to 32 ml./100 g 
tissue/min. The volume of the tail does not however remain constant, but 
shows gross fluctuations that arise in the absence of any obvious external 
stimulus; these will be referred to as spontaneous fluctuations. The most 
striking of these consists of an abrupt decrease in volume of the order of 
0-2-1-0 ml./100 g tissue followed by a somewhat slower recovery, see Figs. 2 
and 4. These vary in number from four to eight per minute. Fluctuations of 
a second type occur. In these the initial volume change may be an increase or 
a decrease, is seldom more than 0-3 ml./100 g tissue and is usually less abrupt 
than in the first type described. Although these two types frequently look 
alike and may be superimposed on each other, they none the less have different 
origins and are considered separately. A third type of fluctuation consists of 
rises or falls in volume that may last from thirty seconds to several minutes, 
but they do not appear to be waves of predictable frequency or magnitude 
(c in Fig. 2). Superimposed on these fluctuations is the pulse volume change; 
the volume changes associated with breathing are probably masked by the 
other fluctuations described. 

The above phenomena have been seen in the unanaesthetized monkey and 
the large abrupt fluctuations were enhanced in size and frequency with the 
onset of sleep. 

The fluctuations of the types a and b seen in Fig. 2 were unrelated to varia- 
tions in arterial pressure or right auricular pressure or to respiratory move- 
ments. Fluctuations of the slower type occurred when there were no visible 
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variations in venous or arterial pressure, but did also appear in conjunction 


__ with arterial pressure changes. Simultaneous recordings of hind-limb volume 


showed no comparable changes (Fig. 4). 

To determine whether all parts of the tail were equally involved in the 
volume changes, two plethysmographs were mounted on separate parts of the 
tail at the same time (Fig. 3). It will be seen that while certain changes, e.g. 
a, a, are synchronous in both parts of the tail, others, e.g. b, b, are not. The 


Fig. 2. Spontaneous volume changes in the monkey's tail. a, large, rapid reductions in tail 
volume; 6, smaller rapid volume changes; c, slow volume changes. Volume of tail enclosed in 
plethysmograph, 77+3 ml. Rectal temperature, 37-5°C. Tail environmental temperature 
25-0° C. Body environmental temperature, 25-0° C. Slope of ca)ibration line indicates degree 
of obliquity of lever. ; 


patterns of the smaller changes can clearly be quite different in the two parts 
of the tail. Some of the smaller fluctuations are, however, very similar and 
synchronous, e.g. c, ¢,, which is only to be expected as the situation of the 
plethysmographs is quite arbitrary, and the part of the tail undergoing the 
volume change may well be enclosed partly in the one plethysmograph and 
partly in the other. It appears that slow volume changes can also be limited 
to a part of the tail, as shown in Fig. 3, (1) and (2). 

Origin of the spontaneous fluctuations. Direct inspection of the vessels 
showed that at intervals the lateral veins contracted throughout their length, 
and that these contractions coincided with a rapid decrease in volume of the 
type a, Fig. 2. Minor localized constrictions of the lateral veins were also seen, 
but as it was not possible to take simultaneous records of volume change, it 
can only be presumed that they produce smaller and local volume changes. 
On one occasion the large central lymphatic was seen to undergo peristaltic 
movements at a rate of approximately one wave to every three or four of the 
general constrictions of the lateral vein. No spontaneous variations in the 
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calibre of the caudal artery were seen, but as considerable dissection was 
necessary to reveal this vessel the value of the negative result is doubtful. 

It is probable that the volume changes of the lateral veins are active and 
not merely the result of varying inflow rates. If the caudal artery is clamped 
the tail volume does not immediately fall to its final base-line, but falls in 
a series of steps corresponding to the constrictions of the lateral veins, which 
partially fill between each constriction. Under these conditions there is no 
variation of inflow to account for the constrictions. 


Fig. 3. Independent ding of volume changes in upper and lower parts of the tail simultaneously. 
U, upper tail segment; L, lower tail segment; a, a, show constrictions common to both 
segments; b, b,, 6, show volume changes differing in the two segments; c, c, show minor 
volume changes common to both segments. Between (1) and (2) there is a slight general 
volume change in the upper segment that is not present in the lower. Synchronous points 
on the records can be derived from the lever arcs X and Y. 


Induced reactions of the tail vessels 


_ Reactions of the tail vessels to stimuli that commonly cause vasoconstriction 
were investigated with simultaneous records of leg volume (paw and calf in 
plethysmograph). Pinching the ear or the web between the fingers caused 
@ fall in volume of the tail and the leg (Fig. 4); the lateral veins constricted 
sharply. Insertion of a greased thermometer or 5 mm diameter glass rod into 
the rectum caused a vasoconstriction that might last several minutes, even after 
the rod was removed. The vasoconstriction was both more marked and of longer 
duration in the tail than in the leg (Fig. 5). It involved both artery and vein, 
as the inflow rate was frequently reduced below 2 ml./100 g tissue/min with 
the veins fully contracted. Sudden arterial haemorrhage produced by with- 
drawing 3-5 ml. of blood from the central cannulated end of the common 
carotid, resulted in a vasoconstriction that reduced the volume of the tail by 
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Fig. 4. Effect of pinching ear and web between toes on hind-limb and tail volume. 2, respiration; 
L, leg volume; 7’, tail volume. Environmental temperature of body, 25-0° C. Environmental 
temperature of leg, 27-0° C. Environmental temperature of tail, 27-5° C. a, spontaneous tail 
volume fluctuations of the large type; (1), (2) and (3) pinching the ear or the toe web; 
8, alignment of synchronous points on the records. Mass of leg in plethysmograph, 45 + 2 g. 
Mass of tail in plethysmograph 60+ 2 g. 


Fig. 5. Insertion of 5 mm diameter glass rod into‘anus at (1). Limb volume restored within 
1 min 5 sec. Tail volume reduced for more than 4 min, recovery not shown. Body environ- 
mental temperature 25-0° C. Mass of leg in plethysmograph 45+ 2g. Mass of tail in plethys- 
mograph, 60+2g. L, leg volume; 7’, tail volume. oar 
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1-2 ml./1%0 g tissue. The inflow rate fell from the normal resting range to less 
than 2 ml./100 g tissue/min (flows less than this cannot be recorded with 
accuracy) in the three animals on which the experiment was done. The recovery 
from the constricted state was gradual and the inflow might remain decreased 
for the subsequent duration of the experiment. Recovery was aided by the 
return of the extracted blood, but usually required more than the original 
volume for the full restoration of the flow rate. It will be seen from the example 
in Fig. 6 that the variation in arterial blood pressure is inadequate to account 
for the volume reduction by passive means. 


Fig. 6. Effect of sudden arterial haemorrhage on tail volume. 8.P., arterial blood pressure, right 
subclavian artery. 7’, tail volume change. Between the marks at a and 5, 4 and 5 ml. of 
blood respectively were withdrawn from the central end of the cut left carotid. Environmental 
temperature 32+ 3° C. 

Effects of temperature 

It was found that at body environmental temperatures around 30° C the 
spontaneous fluctuations diminished in size and frequency and they usually dis- 
appeared at 35-40° C. As the spontaneous fluctuations diminished the minute 
volume increased and the fluctuations associated with respiration usually 
became evident. The response to pinching and to distension of the anus could 
finally not be elicited, although still evident in the hind-limb (Fig. 7). 

These changes in flow rate and spontaneous volume fluctuations do not 
appear to be closely related to changes in rectal temperature in the anaesthetized 
monkey, but rather to changes in environmental temperature, and at tempera- 
tutes between 20 and 40° C it is the environmental temperature of the body 
rather than that of the tail that determines the response. Table 1 shows a 
typical result. Raising the rectal temperature 1-6° C did not per se alter the 
inflow rate. Raising the environmental temperature of the body from 24 to 
41° C increased the inflow rate from 36-6 to 55-8 ml./100 g/min, yet the rectal 
temperature was raised by only 1-2° C. It is possible to abolish the spontaneous 
fluctuations of tail volume by raising the body environmental temperature 
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even with the rectal temperature remaining below normal. Conversely, if the 
animal is heated to raise the rectal temperature above the normal and the body 
environmental temperature is then rapidly reduced, the fluctuations recom- 
mence with the rectal temperature still as much as 2-0° C above the normal. 
In some animals the fluctuations do not recommence when the temperature is 
lowered until an external stimulus, e.g. pinching the ear, is given that appears 
to ‘trigger’ the response. 


Fig. 7. Effect of high body environmental temperature on spontaneous tail volume fluctuations 
and on response to pinching ear. Same animal as in Fig. 4. L, leg volume change; R, respira- 
tion; 7’, tail volume change. Environmental temperature of body 48-5° C. Environmental 
temperature of leg 28-5° C. Environmental temperature of tail 26-5° C. (1), ear pinched; 
S, alignment of synchronous points on records. 


TaB.z 1. Differential distribution of venous return 
Flow, ml./100 g tissue/min, on Percen 
venous 


Temperature (° return via 
A Lateral Total central 
Box Tail pleth. Rectal vein vein Difference vein 
41 34-0 39-0 46-7 55-8 9-1 16-2 
24 33-5 39-4 32-6 36-6 4-0 10-9 
24 32-5 37-8 32-7 34:3 146 4-6 
24 25-0 37-5 Unsuccessful 31-9 _ _ 
24 16-0 37-5 24-2 24-2 0-0 0-0 


At environmental temperatures below 18-20° C the increased frequency of 
the spontaneous constrictions make it difficult to estimate the inflow rate by 
the occlusion method. il 
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No specific experiments were done to study the response to haemorrhage at 
varying temperatures, but it was twice noticed that raising the environmental 
temperature to 40°C did not abolish the vasoconstriction caused by an 
accidental haemorrhage. 

Deviation of the venous return at different body temperatures. It is thought 
that at lower temperatures the venous return from the human limb may be 
diverted from the more superficial veins to the venae commites of the artery 
(Bazett, 1944). It is possible to put this to the direct test in the monkey’s tail. 
The lateral veins are superficial and lie on either side of the body of the caudal 
vertebrae and can be closed by light clamping with the fingers, which can be 
seen not to interfere with the central veins. As complete venous occlusion can 
be obtained with the occlusion cuff, it is possible, by comparing the apparent 
inflow rate on compressing the lateral veins alone with the inflow rate on total 
venous occlusion by the cuff, to estimate the proportion of the venous return 
that is passing through the central and lateral systems respectively. 

It is unlikely that occlusion of the lateral veins alone diverts any large 
quantity of blood to the central system, the large anastomosing veins are 
valved and prevent flow from the lateral to the central veins, and in the short 
time needed for the inflow recording, 1-5~-2-0 sec, it is unlikely that the pressure 
relationships are much disturbed. 

Only one such experiment was performed, but the monkey used was one on 
which a large number of experiments had been done and reactions had always 
been typical. The results are set out in Table 1. It will be seen that the venous 
return is predominantly through the lateral veins. There is no evidence that 
the return is diverted from the lateral to the central, deeper lying veins, at 
lower temperatures, but rather the reverse. 


DISCUSSION 


The circulatory reactions of the vervet’s tail bear many resemblances to those 
of the human limbs, especially the hands and other regions composed largely 
of skin, as described by Herztman & Dillon (1939), Abramson & Katzenstein 
(1941), Burch, Cohn & Neumann (1942). These authors all call attention to the 
‘spontaneous fluctuations’ in limb volume, describing them with varying 
degrees of detail, but in each instance emphasizing the probable venous origin 
of certain of the fluctuations. 

The venous origin of volume fluctuations is proved beyond doubt for the 
vervet, where there is direct evidence for at least two types of ‘spontaneous 
fluctuation’ attributable to activities of the veins. The veins are also seen to 
participate in other vasomotor reactions of known origin. Of the spontaneous 
reactions the one type involves the dilatation and constriction of portions of 
the lateral veins. Whether these changes involve the portions of the lateral 
vein lying between two valves, as in the bat’s wing (Nicoll & Webb, 1946) or 
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Taken in conjunction with the fact that the tail is composed so largely of skin, 
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larger areas is not known. The second type is characterized by the periodic 
simultaneous contractions of the whole of the lateral veins, apparently 
synchronously throughout their length. These two types of volume fluctuation 
are not necessarily associated with any obvious similar happenings in the 
hind-limbs. 

' Burch et al. (1942) also mention the possibility of volume changes due to 
variations in tissue fluid, but dismiss the probability of their giving rise to any 
sudden volume changes. In the vervet tail, however, the intermittent 
peristalsis of the central lymphatic probably does give rise to small, relatively 
quick volume variations. Nicoll & Webb (1946) record similar activity by the 
lymphatics of the bat’s wing, and Florey (1926) by the lacteals. In the vervet 
as in man (Abramson & Katzenstein 1941), raising the environmental tempera- 
ture diminishes and finally abolishes the spontaneous fluctuations, but to 
judge from the increase in inflow that frequently follows further heating of the 
animal, there is still a residuum of tone in the cutaneous vessels at the time 
of the disappearance of the fluctuations. The accentuation of the fluctuations 
with the onset of sleep, noted by Abramson & Katzenstein (1941) occurs in the 
vervet too. They remark that at 45°C environmental temperature the 
spontaneous fluctuations vanish but that the vasoconstrictor response to 
pinching persists. At that temperature the response to pinching vanishes in 
the tail but is still present in the leg of the vervet. Any discussion as to the end 
served by these spontaneous fluctuations must be speculative, but it is 
tempting to presume that the large lateral vein constrictions are important 
aids to venous return in an organ particularly exposed to the influence of 
gravity. At rest or asleep these animals sit with their tails hanging vertically 
and quite still. As the fluctuations are particularly noticeable with the onset 
of sleep and at the lower temperatures investigated, the major lateral vein 
constrictions may plausibly be suggested as serving a useful function under 
these conditions. At lower temperatures the contractions would also reduce 
the time spent by the blood in the lateral veins and thus reduce the cooling 
that would otherwise take place. The advantage of the active return of lymph 
through the peristalsis of the central lymphatic is also evident under the condi- 
tions referred to. The variations in the rate of blood flow into the tail is some- 
what surprising. One would not under ordinary conditions expect a high 
metabolic rate in the tissues comprising the tail, yet at room temperature the 
tail may have a total inflow rate of 30-50 ml./min in an animal of 5 kg body 
weight and, at a temperature of 40° C, a temperature not unknown in the 


“Snirfal’s habitat, the flow may rise to 70 ml./min. The cardiac output of the 
‘Yervet is not known, but considering Marshall’s (1926) figures for the dog, an 


output of around 650 ml./min might be expected in the 5 kg vervet. A very 
substantial proportion of the output, therefore, can pass through the tail. 
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and that the flow rates compare with that through the human finger (Goetz, 
1943), it is probable that the tail circulation is concerned in temperature 
regulation, although the tail is covered with fur. Under these circumstances 
it is strange that the flow rate in the anaesthetized vervet is apparently more 
closely linked with changes in general body environmental temperature than 
with rectal temperature. It is possible that the direct central control of 
temperature is more depressed by the anaesthetic than the reflex mechanisms 
(Duthie & Mackay, 1940; Bazett, 1944), the faulty balance of control thus set 
up resulting in the anomalous responses observed. 

It is also strange that there is no deviation of the venous return from the 
lateral to the central venous system at lower temperatures, as suggested by 
Bazett (1944); indeed the reverse seems to hold. It should be emphasized that 
the finding is from a single experiment, although on a monkey whose other 
responses were well known and typical. If, however, we consider that we have 
no evidence that the central vein system shows the intermittent contractions 
of the lateral vein, and that the structure of these veins is less muscular than 
that of the others, it is possible that such a deviation would serve less purpose 
in the vervet than in man. 

That the tail can play an important part in other vasomotor adjustments is 
shown by the effect of haemorrhage on tail volume and inflow rate. 

While it is unlikely that the largest tail can hold more than 5 ml. of blood at 
one time, the extent of the tail’s contribution to compensation is not limited 
to the amount of blood that can be extracted by vasoconstriction. A more 
important source of compensation lies in the fact that the minute flow falls 
from around 30 ml./min to as little as 3 ml./min, and that amount of blood is 
therefore made available for more important areas. As this reaction involves 
venous constriction, it is interesting to note that Coles is reported (Green, 1952) 
as finding haemorrhage to be accompanied by venous dilatation. 


SUMMARY 

1. The anatomy of the circulation in the tail of the vervet is described. 

2. The tail shows ‘spontaneous’ volume fluctuations due to the synchronous 
constriction of the whole length of the lateral veins, together with smaller 
constrictions restricted to parts of the lateral veins. The underlying cause of 
these conditions is not known. 

3. The central lymphatic has been seen to undergo peristalsis and hence 
probably contributes to the smaller volume changes. 

4. In the unanaesthetized monkey the fluctuations are accentuated with 
the onset of sleep. 

5. High body environmental temperatures reduce the frequency of the 
spontaneous fluctuations and finally abolish them. 

6. The tail circulation participates in the generalized vasoconstriction in 
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response to pinching the skin or distending the anus. The response disappears 
from the tail at high temperatures although still present in the hind limbs. 

7. Evidence is given that the venous return from the tail is not shunted 
from the superficial to the deep veins at low temperatures. 

8. The blood flow through the tail is described for varying temperatures 
and is shown in the anaesthetized monkey to vary with the body environ- 
mental temperature and not necessarily with rectal temperature. 

9. The effect of haemorrhage on the tail circulation is a generalized vaso- 
constriction that empties the tail and maintains its circulation at a much 
reduced level. 


This work was done while one of us, C.P.L., was receiving a grant from the South African 
Council for Scientific and Industrial Research, whose help is gratefully acknowledged. We wish 
to thank Prof. G. L. Brown of University College, London, for his generous help during the 
preparation of the manuscript in his department. 
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DIFFERENTIAL FINGER TAPPING RATES 


By C. V. JACKSON 
From the Neuropsychiatric Research Centre, Whitchurch Hospital, Cardiff 


(Received 29 June 1953) 


A previous experiment (Jackson & Zangwill, 1952), studied finger flexions o. 
the left hand to auditory commands. This sensorimotor task was considered 
to be primarily sensory, in that much of the delay before reaction seemed to be 
due to difficulty in deciding which finger was to be moved. Contrary to expecta- 
tion the little finger (F5) and the middle finger (F 3) were found to move with 
least delay. | 

It was felt that a study of the tapping rates of different fingers might reveal 
those differences between the various digits which could be ascribed rather to 
motor or even to mechanical factors. 

While there has been much work on tapping as a motor skill (cf. Seashore, 
1951), there have been few studies of the different rates of various fingers since 
that of Goodenough & Tinker (1930), and the factors limiting the maximum 
tapping rate have not been clearly elucidated, although Ching & Hartridge 
(1934) claimed that the maximum rate is not more than 10-11 c/s. 


METHOD 


Apparatus. Four pens of a kymograph were connected directly to the fingers of the subject’s 
right hand by means of fine fishing line which ran over the curved side of the instrument and was 
secured to the finger by means of a simple slip knot. Another slip knot at the other end of the 
line took up any slack before tapping began. In this way the slightest movement of any finger 
in either direction was communicated to a pen. When recording tapping with the thumb, the pen 
usually connected to F5 was used. The fingers other than that being used were held tightly by 
straps, a8 was the forearm. 

Procedure, The subject was seated comfortably with his right forearm strapped into the trough 
provided. His four fingers were connected to the pens as already described. He was then given 
the following instructions: 

“Your fingers are now connected to pens which will record their movements. The fingers will 
be named: F 2, index or forefinger; F3, middle finger; F'4, ring finger; F'5, little finger. The purpose 
of this investigation is to determine how fast you can tap. You will be asked to tap either with the 
wrist, or with one finger separately. During the trials with one finger separately, the back of your 
hand will be strapped. 

‘Between each period of tapping you will have a rest. At the end of this I will say: “Tapping 
with the. ..whatever it is. Ready. Begin.” You should then start tapping the requested limb 


582 


FINGER TAPPING 583 


as quickly as possible until you are told to stop. Remember, the faster the rate of tapping the 
better.’ 

A demonstration of the desired movements was given and then the straps were prepared for 
the first trial. The commands were given so that the subject tapped for 10 sec, and then had a rest 
for 45 sec. 

The paper speed was 6 cm/sec. The sequence of limb movements was arranged in a Latin 
square (Fisher & Yates, 1948, p. 62) for ten subjects, in order to eliminate cumulative effects. 
Ten men and ten women acted as subjects, everyone tapping for two periods with every finger. 


RESULTS 
Main effects 
The number of taps recorded in the 10sec period, 2-12 sec after tapping 
began, was counted, and divided by ten to give the mean tapping rate per 
second. In this way two values were obtained for every finger of every subject, 
both being used to calculate the mean rates for various groups of subjects 
shown in Table 1. Analysis of variance was carried out on the results of all 
subjects with a replication factor. In the following, fingers will be referred to 
as sites, since both thumb and wrist were similarly investigated. 


1. Mean tapping rates 


No. Wrist Fl F2 F3 F4 F5 
Men overall 10 6-20 4-95 5-53 5-59 5-39 4-87 
Women overall 10 5-92 ' 5-50 5-73 5-77 5-54 5-20 
Whole group 20 6-02 5-23 5-63 5-68 5-47 5-04 
Women non-typist 5 5-78 5-29 5-56 5-41 5-18 4-90 
Women typist 5 6-06 5-70 5-89 6-12 5-89 5-51 


The subject x subject, subject x site, and site x site interactions were all 
significant (P =0-001), and a factor for repetition was significant at P=0-05, 
though repetition x subject and repetition x site were not significant. Of the 
twenty subjects twelve tapped fastest with the wrist, five with F2, two with 
F3 and one with F4. Of the seven who tapped fastest with either F2 or F3, 
four were women typists. Twelve subjects tapped most slowly with F5, six 
with F1 and one with F2 and F4. 

The significant site x site effect was studied further by applying Student’s 
t test between the wrist values (since these were fastest for the whole group), 
and those of every other site one at a time. A significantly slower tapping 
rate was shown for F 4 and F5 (P=0-001).and for F1 (P=0-01), but the values 
of F2 and of F3 did not differ significantly from that of the wrist. 


Sex differences 
Table 1 shows somewhat higher rates for women at all sites, except the 
wrist, When these apparent differences were examined statistically at every 
site separately, they were found not to be significant, except perhaps in the 
case of F1 (but P=0-10 only). When the sites were pooled, the difference 
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between the rates of the women and men became significant (P =0-02), in 
spite of the negative value for the wrist. However, the faster rates of the 
women were mostly due to the women typists, since the rates of non-typists 
differed little from those of the men (Table 1). | 


| Practice effects 
On the whole, the second period of tapping (repetition) was significantly faster 
than the first (P =0-02). When the sites were pooled, thirteen of the twenty 
subjects showed an increase of tapping rates, two showed no change, and five 
a decrease; but some of these changes were very small, and this effect 
(repetition x subject) was not significant. The effect of repetition did not differ 
from one finger to another (repetition x site). 

It would be reasonable to expect that those who had been trained to type, 
and in fact were daily occupied in typing, would be better able to tap fingers 
individually. Table 1 shows that, at all sites, the women typists tapped faster 
than the women non-typists. The differences between the mean scores of the 
two groups over all sites together differed significantly from zero (P =0-01). 

The results of applying ¢ tests between the values for the two groups at 
every site separately are shown in Table 2. The figures are the levels of 
significance of difference between the two means of the women typists and the 
women non-typists. 


TaBe 2. Significantly faster rates of women typists compared with women non-typists 
Wrist Fl F2 F3 F4 F5 
0-02 0-02 0-10 


It is seen from the two tables that while all sites responded to occupational _ 
training to some extent, only F3 and F4 can be regarded as deriving any, 
material benefit from training. This contrasts with the positive repetition 
effect over all sites described above, but it will be remembered that the latter 
arose only when the repetition x subject and the repetition x site effects were 
pooled, and that neither was significant by itself. 


Method of tapping 

The straps by which every finger except that tapping was confined, as well 
as the forearm just above the wrist, precluded gross movement at other joints. 
Nevertheless, no system of straps, however tight, could prevent all extraneous 
movement, and it was noticed in this study that, although the forearm was 
restrained, the reciprocating flexion of the wrist was frequently accompanied 
by a sort of shudder of the shoulder. Also, despite fixing the fingers as rigidly 
as possible, flexion of F1 was sometimes accompanied by rotation of the wrist. 
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DISCUSSION 


As might have been expected, the rates of tapping of various fingers differed 
significantly from subject to subject. Also some subjects tapped faster with 
one finger than did the others, twelve of the twenty tapping fastest with the 
wrist, and twelve slowest with F5. The rank order of tapping rates is shown in 
Table 3, and compared with the rank order of reaction times of finger flexion 


TaBLe 3. The rank order of tapping rates compared with the rank order of reaction times 


Tapping rates (right hand)* 
omen to auditory 
A command 
Men (10) Typists (5) Non-typiste(5) (left hand)t 

Wrist F3 Wrist — 
F3 Wrist F2 F5 
F2 F2 F3 F3 
F4 F4 Fl F4 
Fi Fl F4 Fl 
F5 F5 F5 F2 


* All twenty subjects right handed. 
+t Nine subjects left handed; sixteen subjects right handed. 


to auditory command (Jackson & Zangwill, 1952). It will be seen that all 
groups tapped most slowly with F5. The untrained men had almost the same 
rank order of tapping as the women typists, while that of the women non- 
typists showed only minor differences. In view of the fact that the group of 
only ten women was divided between typists and non-typists, it would not 
seem justifiable to draw any conclusions about the sex differences in rates of 
tapping suggested by the means shown in Table 1. 

In general, the tapping rates were somewhat faster during the second period 
of tapping with a particular finger. However, two of the twenty subjects 
showed little such improvement with most fingers, and the rates of a further 
five actually worsened on repetition. The indications from this small study 
were that only F3 and F'4 responded significantly to occupational training such 
as that for typing (Table 2), while F5 showed an improvement of only border- 
line significance (P=0-10). In view of the fact that the numbers of subjects 
were so small, these results scarcely contradict the opinion of teachers of 
typing and high-speed morse sending that F4 is the most recalcitrant to 
training 


Comparison of the rank order of tapping rates of the right hand with the 
rank order of reaction times to auditory command of the left hand revealed 
no discernible relationship, but F 3 was fastest or second fastest of the fingers 
in all conditions. In the left hand F'5 reacted most quickly, but in the right 
hand F5 tapped most slowly. Warren (1935) suggested that the rank order of 
reaction times of fingers was in inverse relation to their frequency of usage. 
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If this were so, and if the left F5 were used less than the right F5, the two 
sets of results would be compatible, provided that the tapping rates of fingers 
increased with their frequency of usage. 

On the other hand, Jasper & Raney (1937) stated that ‘the lower centres 
for the little finger are less subject to inhibition, as are other physiologically 
lower centres’. This seems highly probable, since the more finely controlled 
movements of, say, F2 would be more dependent on correct physiological 
integration of the contractions of agonist and antagonist muscle groups. If 
this were so, the more a finger was used for fine movements, the more it would 
be subject to ‘inhibition’. It would therefore react more slowly in a single 
contraction, but tap more quickly in reciprocating movement. In this way, 
the results of our two experiments could be reconciled, but unfortunately 
complete data for the two hands are not at present available. 

The slow reaction times in the earlier experiment, particularly of F2 and of 
F 4, were thought to be due to inability to decide which finger was to be moved, 
partly in the understanding of the spoken command at conceptual levels and 
partly in the sensorimotor sphere, as evidenced by the small contractions of 
neighbouring fingers, particularly those acting as ‘Kinesthetic signposts’ 
(Jackson & Zangwill, 1952). Mechanical factors such as the length and breadth 
of the digit, and hence its inertia were not thought to be of importance, since, 
although the smallest (F5) reacted with least delay, F3 (probably that with 
most inertia) came next in the rank order of reaction times. Similarly, 
differences in musculature did not seem to have any bearing on the results. 

In the present experiment involving reciprocating movement of limbs, 
several additional factors have been suggested as relevant: (1) the natural 
period of the limb (Fenn, 1938); (2) limitations imposed by the central nervous 
system (Ching & Hartridge, 1934; Fenn, 1938); (3) the phase of the «-rhythm 
(Boreham, Kibbler & Richter, 1949; Bates, 1951). Fenn gave 0-25 sec as the 
natural period of F2. This corresponds to 4 c/s, and since he obtained good 
agreement between two methods of calculation, it seemed a reliable figure, 
notwithstanding the great individual differences which might otherwise have 
been expected. 

In view of the fact that the tapping rate of the wrist (6-02 c/s for all subjects, 
Table 1) did not differ greatly from that of F5 (5-04 c/s) and since the much 
larger limb would be expected to have a longer natural period and a slower 
rate of oscillation, it seems unlikely that the natural period of a limb has much 
influence on the maximum rate at which it can tap. Ching & Hartridge 
(1934) stated that the factor limiting the rate of tapping was ‘the central 
nervous system or its connexions’, and that the maximum rate was not more 
than 10-11 c/s. Similarly, Fenn (1938) held that the limiting factor was ‘the 
speed with which excitation and inhibition can be made to alternate in the 
central nervous system’. In fact, none of our subjects had a faster rate of 
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tapping at any site than 9-0 c/s (subject J.B., wrist, second trial). The mean 
rate of this series was 6-18 c/s, and the standard deviation 1-06. The maximal 
rates of most subjects therefore lay between 5 and 7 c/s, and J.B.’s rate of 
9-0 c/s was exceptionally fast for this group of subjects. Ching & Hartridge’s 
rates (10 c/s for F2 and F3 with two subjects) seem even more unusual when 
compared with our group means for these fingers (5-63 and 5-68 c/s respectively). 

While it is usual for the tremor rates of fingers to be 8-12 c/s (Hunter & 
Travis, 1927, 1931) our results suggest that the maximal rate of voluntary 
reciprocating movement is much less. It would therefore seem that the 
contention of Ching & Hartridge, and of Fenn is correct. Evidently volition 
entails more ‘limitations imposed by the central nervous system’ which tend 
to slow the maximum rate. 

Simultaneous recording of the left occipital «-rhythm during tapping was 
attempted during this experiment. It was not technically satisfactory, how- 
ever, and no relationship was shown between the initiation of a voluntary 
movement and the phase of the «-rhythm. 


SUMMARY 


1. Following a previous experiment in which fingers were flexed to auditory 
command, twenty subjects were asked to tap every finger in turn as quickly 


as possible, the other fingers being strapped rigidly. 

2. The maximum tapping rates showed significant differences, but could be 
related neither to the rank order of reaction time to auditory command, nor 
to the frequency and phase of the «a-rhythm. 

3. The factors involved in the voluntary movement of a limb are briefly 
discussed. 
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THE EFFECT OF QUATERNARY AMMONIUM IONS ON 
CRUSTACEAN NERVE FIBRES 


By W. BURKE, B. KATZ anp XENIA MACHNE 
From the Biophysics Department, University College, London 
(Received 13 July 1953) 


The action of quaternary ammonium (R,N*) ions on nerve has been studied 
by several authors (see Cowan & Walter, 1937). It became of special interest 
when Lorente de Né (1949) found that a group of small axons of the frog 
continue to conduct impulses when the external sodium has been totally 
replaced by certain R,N ions. This seemed to be an exception to the rule that 
presence of sodium, or lithium, in the environment is indispensable for the 
maintenance of nerve excitability (see Overton, 1902; Hodgkin, 1951). More 
recently, Fatt & Katz (1953a) observed that the response of crustacean muscle 
resembled that described by Lorente de Né, in that various species of R,N ions 
could be substituted for sodium without abolishing the electric activity. In 
fact, amplitude, rate of rise and duration of the action potential of crab muscle 
fibres became greater when sodium was wholly replaced by R,N. There were 
some differences between the observations of Lorente de Né (1949) and Fatt & 
Katz (19534), but in both cases tetraethylammonium ions were found to be the 
most powerful agents in maintaining the excitability of the tissue. 

In view of these findings, it was desirable to have more detailed information 
on the action of R,N ions on other excitable tissues, particularly on the non- 
medullated nerve fibres of Crustacea whose muscle fibres are so strikingly 
affected. In the present work, isolated nerve fibres of the crab, Carcinus 
maenas, were used, and the effect of choline, tetraethylammonium (TEA) and 
tetrabutylammonium (TBA) ions on the amplitude and shape of the action 
potential was studied. 

METHODS | 
The effect of R,N ions on resting and action potentials was studied by immersing a portion of an 
isolated crab axon in isotonic salt solutions whose Na content had been partly or totally replaced 
by R,N. The procedure is illustrated in Fig. 1 and is similar to that used by Hodgkin (1939). The 
ends of the fibre were tied with silk threads, the ligatures held by tips of ruling pens and the fibre 
mounted, forming a V shape, on two pairs of non-polarizable electrodes connected, respectively 
to pulse stimulator and d.c. cathode follower for recording. The central portion of the axon was 
held under the hooked end of a capillary glass tube which also provided a fluid connexion with 
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one of the recording electrodes. During the experiment the fibre resting on its electrodes was 
raised into a layer of light liquid paraffin. A droplet of saline surrounding the lowest part of the 
axon was retained under the glass hook and made contact with the column of agar/crab-Ringer 
inside the tube. A set of Perspex cups containing the required solutions were placed below the . 
axon. To change the medium surrounding the central part of the fibre, a stretch of several ; 
millimetres was immersed by lowering it into one of the cups, and raised again for recording at 


Stimulating 


hd \ 
Oil 

Saline 


Y) 


Fig. 1. Upper part: electrode arrangement. Chlorided Ag wires connected to axon through agar/ 
crab-Ringer tubes and wicks. The electrode assembly was carried by a Perspex rod attached 
to an adjustable stand. Shaded areas show wall of main dish and separate Perspex block 
containing test solutions. Lower part: enlarged schematic side view of the bottom part of 
the central electrode showing the fluid connexion (shaded) to the axon. 


the position of the capillary hook. The mixing of the droplet (about 1 yl.) and diffusion from the 
capillary tube into the cup (about 1 ml.) did not change the concentration seriously: e.g. the 
amount of Na entering from a ‘crab Ringer’-equilibrated electrode into a Na-free cup was kindly 
determined by Dr E. J. Harris and was found to give a final concentration of not more than 
1 m.mole/l. (less than 0-2% of the normal level). 

The solutions were made up as described by Fatt & Katz (1953a), 527 mm-R,N being taken as 
the osmotic equivalent of 513 mm-Na, normally present in the ‘crab-Ringer’. 
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In some experiments, the effect of R,N ions on the terminal portions of motor axons and on 
neuromuscular transmission was studied. This was done by connecting the opened dactylopodite 
to » perfusion bottle and allowing the solution to run through the propodite and drain off an 
inclined glass slide on which the leg was mounted. The two motor axons supplying the flexor 
muscle of the dactylopodite were isolated along the meropodite, lifted into liquid paraffin and 
mounted on stimulating and recording leads. Another pair of electrodes were connected to the 
dactylopodite to record the muscle response on the second beam of the cathode-ray tube. Finally 
in several experiments the contraction of the muscle was recorded on # smoked drum, the leg 
being perfused from its proximal end, and the limb nerve stimulated through the undissected 
meropodite. 


Fig. 2. Effect of Na removal. Between records 1 and 3 the axon was placed in a solution con- 


taining no Na and 500 mm-TEA. Record 4 obtained after return to Na-Ringer. Temperature 
17° C, 


RESULTS 
Effect of sodium withdrawal 

When a region of the axon was placed in a sodium-free solution containing 
choline or TEA as osmotic substitute, conduction failed immediately and was 
at once restored when the fibre was returned to the normal medium. No steady 
p.d. developed between the recording leads, indicating that the resting 
potential did not alter appreciably. An example is shown in Fig. 2, record 2 
being obtained after the tip of the glass hook had been dipped momentarily 
into TEA-Ringer, and record 3 after the immersion had been repeated, 
exposing a few millimetres of the axon. Record 4 shows the restoration of the 
impulse following a brief wash in Na-Ringer. 

These observations confirm earlier findings of Hodgkin & Katz (1949) and 
show that, in the large non-medullated nerve fibres of the crab, quaternary 
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ammonium ions do not provide effective substitution for sodium. In its 
dependence on external sodium the excitability of these axons conforms to 
that of many other tissues (Hodgkin, 1951) and differs from that of crab 
muscle fibres (Fatt & Katz, 1953) and the ‘Et fibres’ of the frog (Lorente de 
Né, 1949). 

Block of conduction, with immediate reversibility, was observed in every 
fibre when all, or a sufficiently large part, of the sodium was replaced by 
choline (twenty-three experiments) or TEA (twenty-one experiments). The 
impulse failed when the sodium concentration was lowered to about 10% of 
its normal level, with some variation depending on the condition of the fibre, 
also on the time of immersion and the species of R,N used as a substitute for 
sodium. 

With choline, the blocking dose was determined in twenty-two fibres: seven 
axons failed when less than 80% of the sodium content was displaced, but 


there were grounds for supposing that these fibres had been damaged during 


dissection. In the other axons, block occurred when 85-90% of sodium was 
removed. | 

When TEA was used on the same fibre, a slightly larger dose (about 5% 
more) was needed to stop conduction, and some axons only failed when the 
sodium concentration had been reduced to 5-6%, of the normal level. 

Although the block was quickly established and reversed in these experi- 
ments, prolonged immersion in either R,N solution caused a small progressive 
change from which the fibre recovered only slowly. It showed itself in a 
residual reduction of the action potential, and in the fact that block developed 
at a slightly lower R,N concentration when soaking was continued for several 
minutes than was needed for an immediate effect (e.g. 80-85°, displacement 
of sodium by choline was sufficient with prolonged immersion). 


Specific effects of R,N tons 

Experiments on crustacean muscle (Fatt & Katz, 1953a) have shown that 
R,N ions not only maintain excitability, but greatly alter the shape of the 
action potential and delay its falling phase. While the former effect is not 
obtained in crustacean nerve, it remains to be seen whether some action 
resembling the latter can be detected. Tetraethyl- and tetrabutylammonium 
ions are of particular interest because of their potency and striking effect on 
the electric response of crab muscle, a few m.mole/l. of TEA being sufficient 
to lengthen the muscle action potential tenfold. In several experiments, the 
rates of rise and fall of the spike were estimated when progressive amounts of 
sodium were replaced by R,N ions. The accuracy was limited by irregularities 
in the external spike record, due to fine droplets and connective tissue rests 
adhering to the surface of the fibre. However, with a sufficient separation of 
the recording leads it is usually possible to follow the greater part of the first 
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phase of the spike, and trace it through small irregularities (see for example, 


Fig. 4). 
Tasux 1. Effects of substituting sodium by R,N 


The figures show mean reduction of spike height and of rates of rise and fall; they were obtained 
from pairs of spikes, when ‘100 Na’-Ringer was replaced by R,N solutions containing, for example, 
*80 choline’ +‘20 Na’ (first column). ‘ Average rates’ were obtained by measuring the time taken 
for a given potential change during rise and fall of a pair of spikes (e.g. between 20 and 50 mV). 
No correction is made for the increase of external resistance (about 18% in ‘80 choline’ and 
37 % in ‘80 TEA’); the estimated reduction of the ‘membrane spike’ is therefore greater than that 
of the recorded potential (e.g. to about 0-69 instead of 0-74 in ‘80 choline’, and 0-7 instead of 
0-81 in ‘80 TEA’). Number of experiments shown in brackets. 


80 choline 10-20TEA 50 TEA 80 TEA TBA 


(2) (3) (2) (2) (4) 
Spike amplitude 0-74 0-94 0-89 0-81 0-68 
Average rate of rise 0-38 0-99 0-63 0-48 0-41 
Average rate of fall 0-57 0-47 0-30 0-25 0-38 


Choline. When an increasing proportion of sodium was replaced by choline, 
the spike amplitude was reduced and its rate of rise and fall diminished. As 
shown in Table 1, the rate of rise was most affected, a result similar to that 
obtained by Hodgkin & Katz (1949) on the squid axon when sodium was 
replaced by dextrose. The present experiments provide no evidence for any 
specific action of choline on the duration of the spike, such as has been observed 
in crustacean muscle fibres (Fatt & Katz, 1953). 
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TBA. In Figs. 3 and 4, the effects of substitution of sodium by TEA and 

choline are compared using concentrations near the blocking dose. It is clear 

that, quite apart from effects due to sodium deficiency, TEA causes a significant 

slowing of the declining phase. This is seen even with relatively low TEA 
mV 

Na 


Tro 


a2 


o 


Fig. 4. Tracings of action potentials from single fibre, comparing effects of choline and TEA. 
Temperature 16° C. R,N solutions were applied around the first recording electrode leaving 
remote parte of the axon unaffected. The portions of the records used for estimating rates 
of rise and fall are shown by arrows. The broken line in record ‘80 TEA’ is to indicate the 
approximate course of the monophasic potential. It was obtained by curve subtraction, 
assuming that the first phase of the Na-spike had returned to the base-line within 2-5 msec. 
(at the vertical line) and that the deflexions, due to remote leads, remained unaltered, except 
for a time delay, when the central part of the axon was transferred to ‘80 TEA’. 


concentrations, e.g. 10-20% replacement of sodium (Table 1), at which the 
effects of sodium deficiency on the rising phase and spike height are barely 
noticeable. This is in keeping with the conclusion that the lengthening of the 
falling phase is mainly due to a direct action of TEA. 

In the TEA-treated region, the main part of the spike was followed by a long 
‘tail’, and repolarization was usually not complete for several milliseconds. 
In a few fibres, the residual depolarization was found to give rise to repetitive 
discharge, each impulse leaving a sufficiently large ‘after-potential’ to re-excite 


80 choline 
1 2 3 4 
msec 
Na 
80 T.E.A. 
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the fibre. Fig. 5 shows local potential changes recorded during such a series 
of impulses. 

TBA. This substance was applied to seventeen axons and invariably found 
to cause irreversible conduction block. Inexcitability was established very 


Fig. 5. Repetitive firing of TEA-treated axon. A single shock was given in each record. 1-5: 
single fibre, at 19-5° C. 1, in Na-Ringer; 2, after dipping into ‘50 TEA’; 3-5, in ‘90 TEA’ 
Base-line drawn in records 2 and 3. In records 4-5, ‘depolarization block’ developed during 
the discharge at the central recording electrode, with impulses continuing to arise nearby, 
travelling towards the second electrode and maintaining local depolarization at the first. 
6 and 7, another axon at 12-5°C. The records show the beginning and end of a series of 
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quickly when half the sodium was replaced; it required about 2 min with 
10-20% and several minutes with 5% TBA. During the onset of block, no 
consistent change of the resting potential was observed; in some fibres a local 


Fig. 6. Repetitive ‘back-firing’ from TEA-treated motor nerves. Temperature 15°C. M: records 
of action potentials from flexor muscle of dactylopodite. N: action potentials recorded from 
the isolated two motor axons (in records 1, 3 and 5, one fibre was stimulated alone; in records 
2, 4 and 6 both fibres were stimulated together). In each record, a single shock was applied 
to the proximal end of the nerve. 1 and 2 in Na-Ringer. 3-6, after perfusing propodite with 
‘50 TEA’. In 5 and 6, time-base speed was 3-4 times slower than in 1-4. Voltage scale 
applies to N; M was recorded with another amplifier channel of 32 times higher gain. 


depolarization of a few mV developed, while in others block occurred without 
any potential change. In Table 1, measurements of the spike of four TBA- 
_ treated fibres are summarized, made shortly before conduction failed. There 
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was & progressive decline of the spike, the rates of rise and fall diminishing to 
about the same extent. 


Effect of RyN on terminal parts of the motor nerve 

When the propodite of an isolated crab leg is perfused with a solution 
containing, say, 100 mM-TEA, a single nerve impulse which normally pro- 
duces no visible mechanical response is followed by a very strong and pro- 
longed contraction. This striking phenomenon was invariably observed and 
was found to be due to a repetitive discharge of impulses originating in intra- 
muscular portions of the motor nerve fibres (see also Welsh & Gordon, 1947). 
Fig. 6 shows an example of nerve and muscle action potentials recorded from 
the flexor of the dactylus and its two motor axons, The first nerve spike, 
travelling from the stimulating electrodes past the recording leads towards 
the muscle, has opposite polarity from all the other impulses which travel in 
reverse direction. A similar effect was seen when 5-10°% of sodium were 
replaced by TBA; the TBA effect, however, was transient and followed by the 
described inexcitability. Choline produced no after-discharge. 

These observations are apparently related to the negative ‘after-potential ’ 

and occasional repetitive firing in the TEA-treated axon (Fig. 5) with the 
difference that the terminal portions of the axon seem to be more prone to 
developing after-potentials (cf. Katz, 1950) and never fail to produce the 
repetitive response. 
_ The muscle response in Fig. 6 was of the non-propagated type as was verified in separate experi- 
ments in which an intracellular recording electrode was used (Fatt & Katz, 1953 and unpublished 
observations). There is another type of potentiated contraction which has been observed by 
Fatt & Katz (19534, fig. 10) in choline- and TEA-treated crab muscle. In those experiments, the 
leg had been perfused with sodium-free solutions of R,N, rendering the motor nerves inexcitable 
but leaving direct excitability of the muscle unimpaired. The potentiation of the mechanical 
Tesponse was a sequel to the increased size and duration of the propagated action potential of the 
muscle fibres and required a direct stimulus of superthreshold intensity. 


DISCUSSION 


The present results confirm the differences between the excitatory process of 
crustacean nerve and muscle. Choline and TEA which potentiate the response 
of the muscle fibre fail to maintain conduction in the nerve axion. If one 
searches for any analogies in the action of R,N ions on the two tissues, only 
two points of rather slight resemblance are found. (2) TBA though producing 
different effects acts irreversibly on both nerve and muscle fibres, (6) TEA 
causes @ lengthening of the action potential which is very striking in 
crustacean muscle, and comparatively small in the nerve fibre. An analysis of 
this effect has not been attempted; it might conceivably be due to reduced 
» outflow of potassium from the axon as discussed elsewhere (Fatt & Katz, 19534, 
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p. 198). The slower decline of the spike might explain why, at a low level of 
sodium concentrations, TEA can support impulse conduction when choline 
fails to do so: for a slowing of the decay would allow the action potential to 
ascend to a somewhat higher peak and so partly compensate for the reduction 
of its safety margin in the sodium-deficient medium. 

The prolonged ‘veratrine-like’ after-discharge which was seen, occasionally, 
in TEA-treated isolated axons (in only about one out of ten fibres) and 
invariably occurred at the terminal portions of the motor nerve, is a dramatic 
effect, but it is shared by many other substances (Welsh & Gordon, 1947) some 
of which act in much lower concentrations. The occurrence of repetitive after- 
discharge probably depends upon a region of the nerve fibre which tends to 
give a negative after-potential and pass through an associated supernormal 
phase of recovery. There have been indications in the literature (e.g. Katz, 
1950), and the present case appears to be another example, that the terminal 
parts may show such phenomena more readily than the main part of the axon. 


SUMMARY 


1. The effect of quaternary ammonium ions (choline, tetraethylammonium 
(TEA) and tetrabutylammonium (TBA)) has been studied on isolated 
crustacean nerve axons. 

2. Unlike the crustacean muscle fibre, the nerve becomes inexcitable when 
the external sodium is totally replaced by choline or TEA. Inexcitability 
develops quickly, and is immediately reversed by washing in sodium-Ringer. 

3. TEA lengthens the falling phase of the action potential and in some 
fibres gives rise to prolonged after-discharge. Repetitive response is invariably 
obtained from the terminal portions of motor axons, after local application of 
TEA. 

4. TBA produces conduction block, the effect being irreversible and its 
rate of onset increasing with the concentration. : 


We are indebted to Mr J. L. Parkinson for his unfailing help. This work was carried out with 
the support of a grant from the Nuffield Foundation. 
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ELECTROMYOGRAPHY OF THE SPHINCTER 
ANI EXTERNUS IN MAN 


By W. F. FLOYD anp E. W. WALLS 


From the Departments of Physiology and Anatomy, 
The Middlesex Hospital Medical School, London 


(Received 15 July 1953) 


The conception that skeletal muscle consists of slow-acting and quick-acting 
elements, commonly described as red and white fibres, is long-standing 
(Ranvier, 1874). Recent pharmacological and histochemical studies have 
renewed interest in the subject (Paton & Zaimis, 1952) as has the technique 
of electromyography, used for example in investigations of postural activity. 
Following an investigation of the fibre content of the human gastrocnemius 
and soleus muscles (Walls, 1953), it occurred to us, if current descriptions of 
its action are correct, that of all the striped musculature of the body the 
external anal sphincter might be said to be the one most constantly in a state 
of tonic contraction. This muscle might therefore be expected to exhibit most 
convincingly the structure of so-called red muscle. 

The first step therefore was to study the activity of the sphincter in normal 
subjects. Although workers in the field of electromyography have already 
seized upon most of the readily accessible surface muscles, only Beck (1930) 
appears to have studied the anal sphincter in this way. Using a string 
galvanometer and steel needle electrodes inserted at the muco-cutaneous 
junction to a depth of 4 cm, Beck studied the effects of distension of the anal 
canal in a number of dogs and in one man. Briefly his findings were these: 
during both contraction (shortening) and relaxation (lengthening) of the 
sphincter action currents were recorded; but once the muscle had become 
contracted or relaxed the action currents gradually lessened and sometimes 
disappeared. This observation seemed to Beck to provide evidence for a locking 
mechanism similar to that noted by Fréhlich & Meyer (1912) in the 
mollusc. 

Beck published only records from dogs but stated that his one human 
subject gave similar results. His findings are clearly of great interest and well 
worth while re-investigating with the refined electromyographic apparatus 
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available to-day. Moreover, the subcutaneous portion of the external sphincter 
is of great importance clinically, for its fibres are frequently exposed at the 
base of chronic anal fissures, causing spasm and severe anal pain. In such 
cases there is invariably contraction and fibrosis of the subcutaneous sphincter, 
and for the operative cure of chronic fissure it is essential to divide this part of 
the muscle. These and other surgical considerations point clearly to the need 
for a proper understanding of the normal activity of the muscle. 


Fig. 1. The external anal sphincter (diagrammatic): A, subcutaneous; B, superficial; C, deep parts 
of the external sphincter; S, internal sphincter; P.R., pubo-rectalis. Elastic fibro-muscular 
(involuntary) strands continuous with the longitudinal muscle of the gut can be seen running 
through the subcutaneous portion of the sphincter to the skin. (Redrawn after Grant.) 


ANATOMY 


Fig. 1 shows diagrammatically the structure of the human external anal 
sphincter in sagittal section. It should be noted that in man the pubo-rectalis 
constitutes the strongest part by far of the levator ani muscle. It is disposed 
as @ sling round the ano-rectal junction, and many of its fibres pass to the 
deep part of the external sphincter with which it is stated to act. 
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METHODS 
Blect hic investioati 

Seven normal male subjects, aged 20-43, were used for these experiments. Surface electrodes 
consisting of 1 cm diameter silver-silver chloride disks were applied to the skin on each side of the 
anal aperture overlying the subcutaneous portion of the sphincter. The skin was prepared by the 
application of electrolyte jelly (Cambridge Instrument Co.) which was rubbed gently in. The 
electrodes were applied with a cushion of the electrolyte jelly and strapped in position with elastic 
adhesive strapping. Surplus electrolyte jelly was removed very carefully to minimize short 
cireuiting of the electrodes, which in these experiments, were closer together than usual. In spite 
of the extreme sensitivity of the anal skin the presence of the electrodes was unnoticed by all 
subjects after only a minute or two, and it seems unlikely that their presence significantly affected 
sphincteric tone. The use of needle electrodes was considered, but on the advice of our clinical 
colleagues was not attempted. 

The action potentials were amplified by an Ediswan 6-channel electr halograph with 
ink-writer recorders. There was no significant loss of fidelity by the use of the ink-writers and the 
advantage of an immediately visible record outweighed any other considerations (Floyd & Silver, 
1952). 

In most experiments recordings were also made from gluteal muscles and occasionally from 
anterior abdominal wall muscles. During most of the recordings the subjects were lying on the 
left side on a couch. In certain experiments the subjects stood upright and carried out various — 
manoeuvres such as weight-lifting. Some experiments were also conducted in the sitting position, 
during defaecation, enema retention, and during sleep. 


Histological investioats 

Ten human external anal sphincter muscles, removed on average 24 hr after death, were 
examined histologically. Staining techniques employed were: haematoxylin and eosin, the Sudan 
stain with tetrazine counterstain. 


RESULTS 
Resting tone 

Tn all subjects the anal sphincter was found to be in a state of tonic contraction, 

the degree of tone varying with posture and different. forms of activity 
(Fig. 2a). It was found that if a subject remained alert and interested in the 

proceedings the tone was somewhat greater than when he composed himself 
for rest. There was considerable variation between subjects and some fluctua- 

tions in tone in the same subject from time to time at rest. The resting tone 

though frequently slight was never absent. The question of the behaviour of 
the muscle during sleep will be discussed below. 


Voluntary contraction 
The subject was instructed to make a maximal effort to indraw the anal 
orifice. This movement was accompanied by a vigorous outburst of action 
potentials from the external anal sphincter in all seven subjects. The gradation 
of contraction which could be elicited demonstrated that there is a considerable 
degree of voluntary control of the sphincter (Fig. 26). 


>, ‘ 


602 W. F. FLOYD AND E. W. WALLS 


During voluntary contraction simultaneous electrical recordings with 
surface electrodes were also made from the gluteal muscles. Contraction of 
the sphincter without, or with very little, associated gluteal muscle activity ‘ 
was commonly observed (Fig. 26). Voluntary contraction of gluteal muscles 
was usually associated with sphincteric contraction (Fig. 3), but occasionally | 
gluteal activity was observed without any change in sphincter tone, as shown 
in Fig. 4. In two subjects the retention of an enema was accompanied by ' 
continued powerful contraction. 


(a) Resting tone (b) Voluntary contraction of sphincter 
L. glut. max. 


A. 


Fig. 2. Simultaneous electromyograms of external anal sphincter together with both gluteus 
maximus muscles, subject lying on couch on his left side, showing (a) resting tone, (b) 
voluntary contraction of sphincter. Note the associated slight gluteal activity. Time: 1 sec. 


Voluntary contraction of glutei 


L. glut. max. 


188 wv] 
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188 


Fig. 3. Electromyograms of external anal sphincter and glutei maximi during voluntary con- 
traction of both gluteal muscles. Subject lying on couch on his left side. The associated 
activity of the sphincter is clearly seen. This was the most frequent finding; compare Fig. 4. 


Increased intra-abdominal pressure 
Increase of intra-abdominal pressure produced by such various activities as 
speaking, coughing, laughing or weight lifting was always associated with an 
increase of sphincter tone. This is illustrated in Figs. 5 and 6. Fig. 5 is an 
electromyogram of the external anal sphincter showing gradation of activity 
with increase of volume of speech—the louder the speech the greater the 
ig of the sphincter. The increase of activity with coughing is shown in 
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It was found, however, that according to how the intra-abdominal pressure 
was increased the sphincter might contract more vigorously or might relax. 
One way of raising the intra-abdominal pressure is by making an expiratory 
effort. When a maximal expiratory effort was made there was a continuous 


Resting tone Voluntary contraction of glutei 


R. glut. max. 


1 sec. 


Fig. 4. Electromyogram of external anal sphincter and glutei maximi during voluntary contrac- : 
tion of both glutei, subject lying on couch on his left side. There is no change in sphincter 
tone. This is seldom found; compare Fig. 3. 


Effect of speaking 
Sphincter Spesking softly 


Speaking louder 


Fig. 5. Fig. 6. 
Fig. 5. Electromyogram of external anal sphincter showing gradation of activity with increase of 
volume of speaking, subject lying on couch on his left side. 
Fig. 6. Electromyogram of external anal sphincter, showing (a) resting tone, and (5) activity 
during coughing. Subject lying on couch on his left side. 


build-up of sphincter activity which outlasted the expiratory effort by 1-2 sec, 
as shown in Fig. 7. This record also shows the fluctuations in resting tone 
referred to earlier. 

When the subject was simply asked to strain, sphincteric tone was always 
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increased. This is illustrated in Fig. 8 which also shows the activity of the 
anterior abdominal wall muscles during this procedure. 

When, however, the subject made an attempt at defaecation an associated 
relaxation of the sphincter was found, but not in every subject. The record in 


Sphincter 


Maximal expiratory effort 


Fig. 7. Electromyogram of external anal sphincter, showing the resting tone and (between the 
signal marks) the increase in tone during a maximal expiratory effort. The record reads 
continuously from above downwards. Subject standing. 

Straining, i.e. raising intra-abdominal 
pressure, but ‘guarding’ sphincter 


Fig. 9 shows a marked decrease in sphincter activity with a build up of anterior 
abdominal wall muscle tone during a defaecatory effort. The record also shows 
a period of enhanced sphincter activity at the end of the effort—a rebound or 
after-discharge. The failure on the part of certain subjects to produce relaxa- 
tion of the sphincter during attempted defaecation is probably due to the 


R. put. max. | 
188 

Sphincter 
188 
i L. glut. max | 
188 uv] 
R. ext. oblique | 
R. rect. abdom. 

375 | 

L. rect. abdom. 

Fig. 8. Simultaneous electromyograms of external anal sphincter, glutei maximi and anterior 
; abdominal wall muscles, showing increased sphincter tone during straining without attempted 

defaecation. Subject lying on couch on his left side. 
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difficulty in securing full co-operation m what ment be regarded as « peycho- 
logically difficult situation. 


Digital examination of the rectum | 
Such an examination always elicited a brisk and vigorous increase of 
sphincter tone which was maintained throughout the examination and con- 
sistently showed a further burst of activity at the moment of withdrawal. 
Straiming, as in defaecation 


L. glut. max. 
Sphincter 

R. glut. max. 


| 
R. ext. oblique 


375 


375 


abdominal wall muscles, showing relaxation of sphincter during an attempt at defaecation. 
Subject lying on couch on his left side. 


Digital examination of rectum 


rtion 
nse 
Fig. 10. Electromyogram of external anal sphincter showing the sensitivity to very light pressure 
with the finger on the anal margin. Subject lying on couch on his left side. 

After withdrawal of the finger the increase in tone subsided somewhat slowly. 
Even the slightest contact of the finger with the anal margin sufficed to 
produce an immediate burst of activity. This striking sensitivity is illustrated 
in Fig. 10, which shows a large increase of sphincter tone resulting from very 
light pressure with the finger on the anal margin. 

PH. CXXII. 39 
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In Fig. 11 the build-up in sphincter activity during insertion of the finger is 
seen in the latter part of the record. Fig. 12 is part of the same record as 
Fig. 11, with a few seconds gap between, during which the finger was stationary 
in the rectum. On withdrawal of the finger, which commenced at the signal 


Digital examination of rectum 


L. glut. max. 
interval 
Sphincter ‘th 
Insertion of finger ree 
R. glut. max. 
(a) (6) 


Fig. 11. Electromyogram of external anal sphincter (a) resting tone 40 sec before digital examina- 
tion, and (b) showing vig activity associated with insertion of finger into anal canal. First 


signal mark: entry begins. Second signal mark: entry complete, finger stationary. Subject 


lying on couch on his left side. 
L. glut. max. 


(b) 
Fig. 12. Continuation of record in Fig. 11 after interval of 2 sec showing (a) further 
outburst of activity on withdrawal of finger, and (b) tone 10 sec later. 


mark in Fig. 12a, there was a vigorous burst of sphincter activity coinciding 
with the moment of removal of the finger. Tone diminished rapidly and resting 


tone 10 sec later is shown in Fig. 12. Tone is still greater than before digital 
examination was commenced; see record (a) of Fig. 11. 


Activity during sleep 
In two subjects records were taken from the external anal sphincter during 


sleep, simultaneously with a 3-channel electroencephalogram. The latter 
record was taken in order to obtain evidence of when the subject was in fact 
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asleep, and the appearance of slow wave activity and K-wave complexes was 
taken as the criterion. The resting tone of the sphincter diminished from the 
commencement of the experiment as the subject became composed for rest, 
and reached @ minimum at which there was barely discernible activity during 
the periods of sleep. During temporary disturbance of sleep and within a few 
seconds of awakening there was an increase in sphincter activity. 


DISCUSSION 
It is generally stated in the standard anatomical text-books that the anus and 
anal canal are normally kept closed by the tonic contraction of the external 
anal sphincter aided by the pubo-rectalis and internal sphincter, and that, in 
forcible voluntary occlusion of the canal, the first two muscles increase their 
activity. Although the internal sphincter is an unstriped muscle, Thompson 
(1899) believed that it is to a slight degree under voluntary control. 

The present findings support the view that the external anal sphincter 
maintains closure of the anal canal by tonic contraction, but the degree of tone 
on occasions can be very slight as compared with the activity found in the 
same subject at other times. In subjects composed for rest we have observed 
considerable reduction of the action potential discharge, i.e. of the tonic 
contraction, but in no such instances were action potentials completely absent 
from the record. 

- During the levels of sleep at which the e.e.g. showed slow wave activity and 
K-wave complexes, action potentials in the sphincter became minimal. Thus 
it must be concluded that external anal sphincter tone is greatly reduced 
during sleep. On awakening and also during temporary disturbance of the 
sleep rhythm there was a return of sphincter activity and hence of sphincter 
tone. Presumably the closure of the anal canal during sleep is achieved by the 
internal anal sphincter, but it would be very difficult to verify this. 

Our results also confirm that the external anal sphincter is under voluntary 
control. ‘This control can be exerted with considerable precision over a wide 
range of muscle activity. The action potential discharge during maximum 
voluntary contraction was comparable with that found during enema 
retention. 

An action of the external sphincter and pubo-rectalis not as a rule sufficiently 
emphasized is that of closing the anal aperture firmly during the contraction 
of the levatores ani and the other constrictor muscles of the abdomino-pelvic 
cavity during powerful muscular efforts not connected with defaecation, e.g. 
vomiting, expiration, parturition. 

Intra-abdominal pressure is raised by contraction of the anterior abdominal 
wall muscles or by contraction of the diaphragm, as in straining, or in 
expiratory efforts (Floyd & Silver, 1950; Campbell & Green, 1953). In the 
of the externel ‘ancl ephincter-wes found 
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in which the intra-abdominal pressure was raised, with the single 
exception of defaecation. Thompson (1899) stated that the external anal 
sphincter is at first relaxed during the passage of the rectal contents through 
the anal canal, but later may become forcibly contracted thereby assisting and 
completing the action of the circular fibres of the bowel. The present experi- 
ments substantially confirm these views. 

Garry (1934) fully reviewed problems relating to the innervation of the 
external sphincter and of its reaction to curarization. In the light of present- 
day knowledge of the varying pharmacological responses of different skeletal 
muscles, one of his comments seems to reveal great prescience, namely, that 
it may be unwise to assume that all striped muscle is qualitatively the same. 
He further remarked that the external sphincter seems to be an extreme 
example of a red muscle with small fibres rich in sarcoplasm. However, in 
a preliminary histological study, some of the sphincter material examined by 
us showed the presence of muscle fibres of apparently two types, some 

ing certain of the characters commonly ascribed to red (dark) fibres, 
and others those of white (light or pale) fibres. In a personal communication 
Dr Bacsich of Glasgow University confirmed that he also had noted the 
presence of two fibre types in the external sphincter, and further communicated 
that he had noticed the same thing in the upper part of the oesophagus, an 
observation which has also been made by one of the present authors (E. W. W.). 
Further work is proceeding on the histological features of the human external 


anal sphincter muscle fibres. It is tempting to suggest that the external — 


sphincter muscle in man may contain a proportion of quick-acting fibres with 
a brisk response for the immediate prevention of anal penetration by rein- 
forcement of the tonic action of the rest of the muscle. For it must be borne 
in mind that in most mammals two muscles, the pubo-coccygeus and ilio- 
coccygeus, act as depressors of the tail, the basal part of which functions as 
a perineal shutter. In orthograde primates, however, the tail no longer helps 
to close the perineum, its muscles serving to support the pelvic viscera (Keith, 
1948). 
SUMMARY 

1, The activity of the external anal sphincter has been studied electro- 
myographically in seven normal male subjects. . 

2. It has been shown that the sphincter is always in a tonic state during 
waking hours. During sleep the tone becomes minimal. A wide range of 
variation is found in different subjects. 

3. Raised intra-abdominal pressure is always accompanied by increase in 
sphincter tone, except that in straining for defaecation sphincter tone 


4. Two types of muscle fibres corresponding perhaps to so-called red and 
white fibres were seen in a number of the external sphincter muscles examined. 
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We are grateful to our students for their co-operation in these experiments, and to Miss E. D. 
Hewland for drawing Fig. 1. 
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PROPERTIES OF THE RECEPTOR POTENTIAL 
IN PACINIAN CORPUSCLES 


By J. A. B. GRAY anp M. SATO* 
From the Department of Physiology, University College, ae 
(Received 31 July 1953) 


There is now much evidence that the mechanical excitation of certain sensory 
receptors sets up a potential change in the receptor and that this potential 
change initiates impulses. The microphonic potential of the ear has been known 
for a long time, but recently its relation to impulse initiation has been clarified 
by Davis, Tasaki & Goldstein (1952). This situation, however, differs from that 
at touch and stretch receptors, because the microphonic potential is generated 
outside the sensory axon, while it is probable that the potential changes that 
follow mechanical stimulation in peripheral receptors are generated across the 
axonal membrane. Gray & Malcolm (1950) showed that during the interval 
between a mechanical pulse and the initiation of an impulse at a Pacinian 
corpuscle the excitability of the receptor rose steadily, and that if no impulse 
materialized the excitability then fell again; it was concluded that the time 
course of this excitability change represented the time course of a potential 
change at the axon terminal. Katz (1950) demonstrated a potential change 
occurring in muscle spindles during stretch, which he showed was responsible 
for the initiation of impulses and called the ‘spindle potential’. Recently, 
Alvarez-Buylla & Ramirez de Arellano (1953) observed a potential in Pacinian 
corpuscles, which is clearly the immediate precursor of the impulse. 

These potential changes in receptors are the earliest known signs of activity 
in the process of impulse initiation and further knowledge of the fundamental 
properties of receptor mechanisms demands a greater knowledge of their 
properties. These experiments were carried out on the Pacinian corpuscle for 
a number of reasons; the most important being that it seemed practicable to 
prepare a single receptor in such a way that records of the current flow along 
the last internode could be obtained. Such a technique can clearly distinguish 
potentials generated in the short (c. 0-5 mm) non-myelinated terminal from 
those in the rest of the axon. It is also an advantage to have a stable prepara- 
tion. Pacinian corpuscles, although extremely sensitive, are not spontaneously 
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active; even when there is activity due to vibrations in the equipment, the 
adaptation is so rapid that most test pulses occur outside the influence of other 
activity and the response to a given stimulus is consistent. 

This paper describes the properties of the potential changes that occur in 
Pacinian corpuscles when stimulated with pulses of controlled amplitude, 
duration and velocity. The description is intended to form a basis for further 
experimental studies on the mechanism involved in generating these potentials, 


METHODS 


Preparation. The whole of the small intestine and its mesentery were resected from a cat 
anaesthetized with chloralose: the intestine was immediately removed from the mesentery, which 
was then placed in Ringer-Locke’s solution (NaCl 0-9%, KCl 0-042%, CaCl, 0-024%, NaHCO, 
0-015 %, w/v) at room temperature ; all subsequent procedures were carried out at this temperature. 
A piece of this mesentery, seen to contain Pacinian corpuscles, was placed on a round glass plate 
on which the dissection was performed under a binocular dissecting microscope (up to 100 times 
magnification) and on dark-ground illumination; those parts not actually being dissected were 
kept between layers of moist filter-paper. 

The nerve of a mesenteric arch containing a number of Pacinian corpuscles was first dissected 
and mounted on electrodes stuck to the glass plate, the nerve being embedded in petroleum jelly. 
It was arranged that impulses in the nerve could be heard in a loudspeaker throughout the remainder 
of the dissection in order that time might be saved when corpuscles were damaged and also that 
we might learn which parts of the dissection were liable to kill the preparation. Needles sharpened 
to a point or to a scalpel-like edge were used to dissect a corpuscle from the mesentery and fat. The 
dissection was started at the pole away from the point of entry of the axon, and unwanted tissue 
was cut away on both sides, particular care being taken until the axon was identified. The axon 
runs in a sheath and as much fibrous tissue and fat as possible were dissected away from the 
outside of this sheath for several millimetres. Care was taken to clean the axon right up to the 
point at which it entered the corpuscle. Often several corpuscles, which had their afferents in the 
same mesenteric nerve, were dissected. 

Mounting. The preparation was mounted on an assembly (Fig. 1) made of Perspex; two pools 
of Ringer’s fluid were surrounded on three sides by a Perspex rim, but were divided from each 
other by a narrow air gap. This air gap was so made that it could be adjusted, and it was usually 
used about 0-25 mm wide. At first the whole preparation was laid in the larger pool and the 
mesenteric nerve mounted on platinum electrodes and buried in 39° C m.p. paraffin wax. The two 
pools were then joined with fluid and the corpuscle floated across the gap so that it could be held 
in a small depression by light pressure from the rod from the mechanical stimulator, the position 
of the corpuscle being adjusted till its central pole lay on the edge of the air gap. The fluid in the 
pools was then reduced till they separated, and the first 0-25 mm of axon was left suspended in air. 
Chlorided silver wires, mounted in small separate pools connected to the main ones, were used to 
record the potential difference between the two pools. 

Mechanical stimulator. The stimulator used has already been described in detail (Gray & 
Malcolm, 1951). The assembly described above was designed to clamp on to an adjustable stage 
which was clamped to the stimulator, the connexions being kept as short as possible to minimize 
vibration. Electrical wave-forms were generated by electronic circuits and transduced to 
mechanical wave-forms by a Rochelle salt crystal in the stimulator; the movement was trans- 
mitted to the corpuscle by a fine glass rod (1 mm diam., tip c. 0-5 mm diam.). Movements of the 
crystal were recorded by the photoelectric system described by Gray & Malcolm (1951). The ampli- 
tude of movement, resolved in the vertical plane, was of the order of 0-5 uV applied to the crystal. 
Recording. The silver—silver chloride-Ringer electrodes, described above, were connected to 
a pair of cathode followers. One of the pair could be adjusted for grid current and this was 
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checked to be less than 1 pA before each experiment. The larger pool, containing the mesentery, 
was connected to this valve by 120m of screened lead, the screening being connected to the 
cathode of the valve. The pool containing the Pacinian corpuscle was earthed to minimize 
- electrical interference from the mechanical stimulator. The potentials were fed into an amplifier, 
whose frequency response was varied in the range 0-10 ko/s and recorded by photographing « 
cathode-ray oscillograph. The recording technique usually used was to photograph approxi- 
mately twenty superimposed traces in 0-5 seo, and then to rest the preparation for 0-5 sec while 
the camera wound on. Pacinian corpuscles will stand much higher frequencies without obvious 
ind stimuls ;. When required, short pulses from a low impedance source were applied to the 


b 


Fig. 1. Diagram of the mounting assembly. A, transverse section. B, plan. a, Pacinian corpuscle; 
b, first node of Ranvier; c, mesenteric nerve; d, electrodes for antidromic stimulation ; 
e, recording electrodes; f, rod from mechanical stimulator; g, mechanical stimulator. 


RESULTS 
State of the preparation 

The preparations employed in these experiments were isolated from the animal, 
stored in Ringer-Locke’s solution and used at room temperature. Under these 
conditions, the behaviour of a Pacinian corpuscle might be expected to differ 
from that in the whole animal. The extent of this change could be assessed in 
part by a comparison between the properties of isolated preparations and those 
of the preparations used by Gray & Malcolm (1950) and Gray & Matthews (1951). 

In these present experiments, as in those of Gray & Malcolm, an impulse 
was set up at the ‘on’ and at the ‘off’ of a long mechanical stimulus. The 
impulse at the ‘on’ usually, though not always, had the lower threshold. The 
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absolute threshold in terms of movement cannot be given very accurately, but 
in these experiments it was of the same order of magnitude as that found by 
Gray & Malcolm, about 0-5y. The critical slope, i.e. the minimal velocity 
required to excite an impulse however great the maximum movement, was 
measured in two experiments; the results were 1-4 and 3-2 rheobases/msec as 
compared with a mean value of 1-2, range 0-37-2-1 rheobases/msec found by 
Gray & Matthews. 

Gray & Malcolm published data on the relationship of the latency of impulse 
initiation to stimulus strength. These are probably comparable to the data 
presented in the lower curve in Fig. 3, and it will be seen that the latencies 
under these two sets of conditions are essentially the same. In the present 
experiments, however, the latency at threshold was about 3 msec while the 
corresponding figure given by Gray & Malcolm was 1-5 msec. 

In general the properties of Pacinian corpuscles kept in Ringer-Locke’s 
solution at room temperature are similar to those of corpuscles with their 
circulation intact. The differences that have been found are of a quantitative 
nature and are small in size. 


General description of the potential 

The potential recorded from the fresh preparation after mechanical stimula- 
tion of the corpuscle consisted of three separate phases. The records in Fig. 2 
are composed of about twenty superimposed traces taken at a frequency of 
40/sec with varying stimulus strengths. It will be seen that a proportion of 
the stimuli failed to excite a propagated response, and the corresponding 
traces continue a small deflexion that starts near the beginning of all the 
traces. In those instances in which a propagated potential was set up a second 
phase rose sharply from near the peak of the first phase. It will be noticed 
that this second phase varied in amplitude and in rate of rise. The third phase 
is of opposite polarity and starts from a point near the peak of phase 2. The 
third phase can only be due to the activity of the node of Ranvier central to 
the air gap followed by other nodes in a central direction. It appears probable 
that the first phase is a ‘local potential’ closely related to the mechanical 
stimulus (see Alvarez-Buylla & Ramirez de Arellano, 1953) and that the second 
phase is an impulse in the non-myelinated axon terminal modified by the 
conditions of its excitation. The evidence for this interpretation is considered 
below. 

Site of recording 

Glees, Mohiuddin & Smith (1949) have shown that the axon to a Pacinian 
corpuscle does not lose its myelin sheath until it is about half way up the 
corpuscle; they make no comment on the position of the nodes of Ranvier. 
We have dissected a few preparations and examined them under a high-power 
microscope. Because there was a sheath around the fibre the nodes were 
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difficult to identify with certainty, but the first often appeared to lie between 
0-1 and 0-5 mm outside the corpuscle; it was impossible to say if there was one 
inside the corpuscle. This indefinite conclusion obtained by histological means 
has received considerable support from the electrical evidence. The recording 
air gap was placed so that its peripheral edge was just touching the corpuscle. 
If the gap was more than 0-5 mm wide, the conducted action potential was 
blocked after a comparatively short time, less than half an hour. This was 
probably due to the presence of a node of Ranvier in the gap, because it is 


Fig. 2. Potentials from fresh preparation with four different strengths of stimulus. Top beam 
(at left) signals time course and amplitude of stimulus and time 1 msec. Bottom beam: 
recorded potential. Impulses (b) and (c) retouched. 


well known (Tasaki, 1939) that an internode can be dried in an air gap without 
killing the fibre and in these experiments the external resistance was too small, 
by a large factor, for there to be any risk of block due to an excessive external 
resistance. On the other hand, with gaps of a width less than 0-25 mm, block 
did not occur even after periods greater than 1 hr. This does not exclude the 
presence of a node in the gap, but the recorded potentials have shown no 
component attributable to one. 


The evidence considered in the last paragraph suggests that we normally 
placed the recording air gap across an internode, but it does not indicate which 
internode. The evidence of the records, however, is that the gap was normally 
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across the last section of myelin. If the records had been taken across the 
second section of myelin, deflexions, in the same direction, due to activity of 
the terminal portions of the axon and also to the activity of the first node of 
Ranvier should have been distinguished; a recorded deflexion due to the 
activity of the terminations would not have been expected to exceed 50% of 
that due to activity of the first node of Ranvier unless the change of membrane 
potential at the termination was greater than that due to the action potential 
at a normal node (Tasaki, 1953). 


TaBLE 1. Relative amplitudes of the three phases of the potential. 3rd phase = 100 


First 
Corpuscle (receptor 
no. potential) Second* Ratio 
l 51-65 65 0-78-1-0 
2 50 58 0-86 
3 46 62 0-74 
4 45 58 0-78 
5 90 85 1-06 


* In presence of Ist (see text). 


Two phases of the recorded potential have in fact been distinguished, the 
first, which for reasons given below we have called the receptor potential, 
being a response graded to the size of the stimulus, and the second a response 
that appears abruptly at a certain threshold. It seems improbable, from the 
general behaviour of potentials in other parts of the nervous system, that the 
absolute value of the receptor potential could be greater than that of an 
impulse; in fact, it is probable that it does not exceed the resting potential— 
ef. end-plate potential (Fatt & Katz, 1951). If this argument is accepted, then 
the fact that the maximum size of the receptor potential was always consider- 
ably more than 50 % of the second phase suggests that the recording was across 
the last section of myelin. Table 1 gives the maximum amplitude of the 
receptor potential and of the second phase in the presence of the first: changes 
of height of the receptor potential had little effect on the height of the super- 
posed second potential as measured from the base-line, and the latter can 
therefore be regarded as largely independent of the former. Error was intro- 
duced in three ways: the receptor potential could only be measured alone in 
the presence of procaine which probably caused a slight reduction in its height ; 
on the other hand, stimulus artifact tended to increase the apparent size of 
the receptor potential, since big stimuli were required to ensure that a maximum 
had been reached; finally, if there had been any increase of resistance, due to 
drying of the section in the air gap, the receptor potential would have appeared 
larger because it was always measured later. In spite of these errors, and the 
obvious differences between experiments, the results are clear enough to 
receptor potential. 
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In one experiment an extra component was seen, having all the properties 
that would be expected from the activation of a node; in the records of this 
experiment the components attributable to the axon terminal were smaller 
than usual, and it is assumed that in this instance the recording was between 
the first and second nodes. 

The potential difference between the two pools of solution was recorded and 
this potential difference must have been established by a flow of current 
through the high resistance external to the nerve fibre in the air gap. As this 
gap appears to have been located across the first stretch of myelin, it follows 
that upward deflexions (as reproduced in this paper) were due to current 
flowing in the external resistance from the central to the peripheral pool. 
When there was no activity at nodes central to the air gap, either early in the 
sequence of potential changes or when their activity was completely abolished, 
the impedances through which the recorded current flowed remained constant 
over short periods; the source impedance may have varied, but this was 
probably low compared with the circuit impedance. The recorded potential 
changes—in the absence of activity central to the barrier-—were therefore 
a close approximation to the potential changes that occurred at the non- 
myelinated axon terminal. 


The properties of the compound potential 

The time course of impulse initiation. Gray & Malcolm (1950) showed that 
at threshold there was a long latency (c. 1-5 msec) between a short mechanical 
stimulus to the corpuscle and the appearance of a potential at an electrode on 
the corpuscle in respect of a distant electrode; a minimum latency of about 
0-5 msec remained even with a stimulus strength many times threshold. These 
results, which have been confirmed by Alvarez-Buylla & Ramirez de Arellano 
(1953), cannot be compared exactly with the present data because of the 
different state of the preparation and the different technique of recording. 

The long latency following a short pulse can, however, be divided in these 
experiments into three components; the time before the first phase begins, the 
time from this point to the beginning of the second phase and finally the time 
from the beginning of the second to the beginning of the third phase. 

The first interval has been difficult to assess accurately: with large stimuli, 
the potential began early and became confused with the stimulus artifact; 
with small stimuli, the response was small and rose slowly from the noise level. 
In nearly all experiments this interval could be said to be less than 0-2 msec, 
but in one experiment there was a quite distinct interval between the move- 
ment of the stimulator and the beginning of the response. If instead of the 
short pulse a slowly rising stimulus was used then there was always a distinct 


interval between the beginning of the movement and the beginning ing of the 
potential (Fig. 12). 
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The times from the beginning of the stimulus to the beginning of the second 
and third phases are shown for varying strengths of stimulus in Fig. 3. 

Separation of the three phases. The three phases described above were shown 
to be three definite entities by abolishing them separately. The presence of 
procaine or the replacement of sodium by choline in the bathing fluid in the 
central pool abolished the third phase, In the peripheral pool, a small con- 
centration of procaine abolished the second phase (Fig. 4c), leaving the first 
little altered (see next section). The usual procedure adopted was to place 
a solution of procaine (0-1-0-5% in Locke’s solution) in the peripheral pool, 
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Fig. 3. Latency of response. Abscissa: stimulus strength in multiples of threshold for conducted — 
impulse. Ordinate: time in msec to: O, beginning of second phase; @, beginning of third 
phase. 


wait until the second phase had just disappeared and then to replace the 
solution with ordinary Locke’s solution. This procedure left the first phase 
little altered and in a state that remained stable throughout the rest of the 
experiment. The properties of this phase are considered below, and there can 
be little doubt that this is the potential recorded by Alvarez-Buylla & Ramirez 
de Arellano (1953) and is the potential whose time course was plotted by Gray 
& Malcolm (1950) using indirect means. In the interest of clarity and because 
of the properties of this potential it will be called the ‘receptor potential . 
throughout the rest of the paper. Experiments in which sodium ions were 
replaced will be described and discussed in a subsequent paper; it should, 
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however, be mentioned in this context that this method was successfully used 
for the isolation of the receptor potential. | 

After the abolition of the second phase the receptor potential reached big 
amplitudes with big stimuli and under suitable conditions excited the third 
phase without the necessity of an intermediate second phase (Fig. 4c); the 
mechanical stimulus required to set up a propagated response in the absence 
of phase two was 1-5-2-3 times greater than that required while phase two 
was active. 


Fig. 4. Separation of the phases: (a) and (6) in the fresh preparation, (c) and (d) after procaine. 
(a) and (c): the response to mechanical stimulation. (b) and (d): an antidromic impulse; 
amplification x 0-55 that in (a) and (c). In all records the top beam signals the stimulus 
time 1 msec. Downward deflexions in (c) retouched. 


Antidromic impulses. In preparations in which all three phases were present 
in the potential resulting from a mechanical stimulus, an antidromically con- 
ducted impulse was recorded as a diphasic potential wave (Fig. 46). The second 
part of this diphasic potential implies that the antidromic impulse activated 
the terminal non-myelinated part of the axon. When the solution in the 
peripheral pool was changed for one containing a dose of procaine sufficient 
to abolish phase two, the antidromically conducted impulse appeared as a 


monophasic potential change (Fig. 4d); thus implying that the axon terminals 
were not invaded. 


The properties of the ‘receptor potential’ 
The receptor potential has been examined after removing the second or 
_ second and third phases of the compound potential; in most experiments this 
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was done with procaine. The small effect on the receptor potential of the usual 
concentrations of procaine is shown by the experiment illustrated in Fig. 5. 
The curve is plot of the amplitude of the receptor potential against stimulus 
strength before and after the addition of procaine. It will be seen that there 
is no great difference between these results, though there does appear to be 
a small reduction in the height of the receptor potential. 
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Fig. 5. The effect of procaine on the amplitude of the receptor potential. Abscissa: stimulus 
strength in volte applied to crystal. Ordinate: amplitude of receptor potential (uV). @, before 
procaine, ©, after procaine. 

Shape. The rising phase of the receptor potential was relatively rapid, but 
there was considerable variation, as between preparations, in its duration and 
rate of rise; examples of the two extremes are illustrated in Figs. 6 and 7. The 
duration of the rising phase and the rate of rise also varied systematically with 
stimulus strength and this aspect of the problem is dealt with below. The 
falling phase of the receptor potential had the general shape of an exponential 
decline and such a shape might be expected if this potential were comparable 
to end-plate and synaptic potentials. Records from four experiments were 
traced onto squared paper, the co-ordinates recorded and the logarithm of the 
potential plotted against time. In all instances the result was compatible with 
the hypothesis that the greater part of the falling phase of the potential 
followed an exponential time course; the time constants of the exponential 
decline ranged from 1-2 to 2-4 msec with a mean of 1-7 msec. In two of these 
experiments the time constants of the decay were measured at different 
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Fig. 6. Fig. 7. 


Fig. 6. Change of receptor potential with increasing stimulus strength. 
(a): crystal movement 
. records of receptor potential; top beam signals stimulus and time 1 msec. The second 
Change of receptor potential with stimulus 
stimulated with a long stimulus. 
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stimulus strengths, and it was found that within the error of measurement, 
they were the same. 

The shape of the receptor potential was little altered by the nature of the 
exciting stimulus and unlike the spindle potential (Katz, 1950) the polarity 
of ‘on’ and ‘off’ responses was the same. In most experiments the shape of 
a potential of a given amplitude was the same whether it was excited by a short 
pulse, the ‘on’ or the ‘off’ of a long pulse or by a slowly rising stimulus. One 
experiment. was different: this preparation, which did not show an ‘off’ 
response at all, showed a just detectable lengthening of the falling phase when 
a long instead of a short pulse was used. It also showed a lengthening of the 
rising phase as the rate of rise of the stimulus was decreased (Fig. 12). 
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Fig. 8. Amplitude of receptor potential related to stimulus strength. Ordinate: amplitude as 
percentage of the maximum. Abscissa: stimulus strength in volts applied to crystal; @, 0-30; 
O, 0-6. Both curves are from the same data. 


Changes in the receptor potential with change of stimulus amplitude. The 
amplitude of the receptor potential increased with increasing stimulus strength 
and a curve relating these variables is given in Fig. 8. The main features of 
this S-shaped curve are that a certain minimal stimulus is required before any 
response is seen; that there is a relatively steep relationship between stimulus 
and potential amplitudes up to stimulus strengths about 4-5 times the threshold 
for propagation in the fresh preparation; and that with larger stimuli the 
curve appears to approach asymptotically a constant maximum a” ys of 
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response. Our values of the maximum amplitude of the receptor potentials 
were a little uncertain. This was partly due to the fact that big stimuli 
occasionally killed the preparation, and we were consequently loth to employ 
big stimuli early in an experiment. A more important source of error was the 
appearance of an electrical artifact with the bigger stimuli, so that responses 
to such stimuli appeared greater than they really were. In order to compare 
data from different preparations we have recorded the amplitude as a per- 
centage of the maximum and the ordinate in Fig. 8 is in this unit. The curves 
obtained from a number of preparations, and in particular from four prepara- 
tions in which complete curves could be obtained were similar; from an 
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Fig. 9. Rate of rise of receptor potential related to stimulus strength. Ordinate: rate of rise 
% /msec (i.e. amplitude as percentage of maximum amplitude). Abscissa: stimulus strength 
in volts applied to crystal; @, 0-30; O, 0-6. Both curves are from the same data. 


examination of all these curves, and allowing for the errors introduced by 
artifact, it seems probable that the amplitude of the receptor potential 
approaches asymptotically a constant maximum value with big stimulus 
strengths. It has already been stated that the maximum height of the receptor 
potential is approximately the same as that of the second phase. 

The rate of rise of the receptor potential also increased with the strength of 
the stimulus (Fig. 9). The values plotted are an average obtained by dividing 
the amplitude of the receptor potential measured as a percentage of its 
maximum amplitude, by the time between the beginning of the stimulus and 
the peak of the potential. The problem of the time at which the potential 
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began has already been considered, but inspection of the records showed that 
no great error would be introduced by the assumption that the potential began 
at zero time (Figs. 6 and 7). The shape of this curve relating the rate of rise of 
the receptor potential to stimulus strength (Fig. 9) is different from the cor- 
responding relation for its amplitude (Fig. 8). The amplitude is limited, and 
with big stimuli there is little or no increase in amplitude with increase of 
stimulus strength. However, at these same stimulus strengths the rate of rise 
of the receptor potential is still increasing as the stimulus strength increases. 
The difference in the shape of these two curves depends on the fact that the 
time of rise of the receptor potential decreases as the stimulus strength 
increases (Fig. 10). 
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Fig. 10. Time of rise of receptor potential related to stimulus strength. Ordinate: time from 
beginning of stimulus to peak of receptor potential, msec. Abscissa: stimulus strength in 
volts applied to crystal. 

Changes in the receptor potential with change of stimulus velocity. If the 
amplitude of the stimulus was maintained constant and the velocity of its 
movement altered, the amplitude of the receptor potential changed (Figs. 11 
and 12). When the velocity was above a certain value, the amplitude of the 
response remained constant, but as the velocity decreased below this the 
amplitude of the response decreased and then disappeared. Also the rate of rise 
of the potential increased and the time of rise shortened as the rate of rise of 
the stimulus increased. 

The effect of reducing the stimulus velocity was therefore similar to reducing 


the stimulus strength. In two of the three satisfactory experiments on which 
40-2 
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this type of measurement was made, the similarity was even greater; the 
shape of a receptor potential of a given amplitude was the same whether it 
was set up by a rapidly or by a slowly moving pulse. In the third experiment, 
from which the records in Fig. 12 were obtained, the rising phase became 
longer as the velocity of the stimulus was reduced. 
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Fig. 11. Amplitude of receptor potential related to stimulus velocity. Ordinate: amplitude as 
percentage of that at infinite velocity. Abscissa: velocity as volts applied to crystal 


per msec. 


Summation. Alvarez-Buylla & Ramirez de Arellano (1953) showed that 
receptor potentials could summate. We have confirmed this observation using 
pulses whose total duration above the base line, as recorded photoelectrically, 
was 0-7 msec (Fig. 6a). As the minimum interval shown in Fig. 13 was 1 msec 
the summation cannot have been due to summation of the electrical pulses in 
the crystal. A similar summation was seen when two rectangular pulses of 
infinite duration were used to make a step wave form. 

An interesting special instance of summation of these responses was seen in 
the summation of the response to the ‘off’ with the response to the ‘on’ 
(Gray & Malcolm, 1950). In most experiments, the responses at the ‘on’ and 
‘off’ were of the same order of size, and with short stimuli these summated so 
that the responses to short pulses were greater than those to long ones (Fig. 14). 
In the experiment, already referred to, in which no ‘off’ response was seen, the 


receptor potential increased in amplitude as the duration of the stimulus 
increased. | 
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Depression. The amplitude of a receptor potential was reduced if set up 
shortly after a preceding one. The size of the second receptor potential 
depended both on the amplitude of the first and on the interval between them. 
The effect of the amplitude of the first receptor potential on the amplitude of 


Fig. 12. Change of receptor potential with increasing stimulus velocity. (a): crystal movement 
recorded photoelectrically ; bottom beam (at left) signals electrical pulse and time 1 msec. 
(6), (c) and (d): records of receptor potential; top beam (at left) signals stimulus and time 
1 msec. 


the second can be seen in Fig. 15. In this experiment two stimuli were applied 
at an interval of 7 msec, the second being maintained constant at a convenient 
value while the strength of the first was altered; it will be noticed that the 
interval between the stimuli is such that the second receptor potential does 
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not begin until the first has, for all practical purposes, returned to the base- 
mi relation between the amplitude of the first and second receptor 

tials is shown in Fig. 16 which illustrates the result of a similar experi- 
ment in which the interval between the stimuli was 4-5 msec. The curve is 
relatively steep at small amplitudes of the first response, 80 that even small 


Fig. 13. Fig. 14. 
Fig. 13. Summation of receptor potentials. Top beam signals stimuli and time 1 msec. 
Fig. 14. Summation between ‘on’.and ‘off’ responses. Top beam signals stimuli and 
time 1 msec. 


responses can cause an appreciable depression. Apart from any significance 
these results may have in explaining the mechanism of the receptor potential, 
this depression may be an important factor in reducing summation at these 
receptors under normal conditions. 

The time course of the depression is shown in Fig. 17. In the experiment 


- — — 
va 
§ 4 
Ld 
d ‘ 
> 


RECEPTOR POTENTIALS 627 


illustrated the test stimulus, which when given alone set up a receptor potential 
63% of the maximum, was given at various intervals after a conditioning 
stimulus whose response was 73%, of the maximum. At short intervals the 
measurements were uncertain; at very short intervals, less than ] msec, the 
stimuli summated in the transducer and the effect was that of giving a 
bigger stimulus; up to 5 msec the test response was measured on top of the 


Fig. 15. The effect on the response to a constant stimulus of the amplitude of another response 
preceding it by a constant time. Top beam signals stimuli; note second stimulus is constant 
but the first stimulus has a different amplitude in each record. Stimulus interval 7 msec. 
Time bar 10 msec. 


conditioning response and was often very small. It is clear, however, that the test 
response was almost abolished at short intervals. In this preparation recovery 
was not complete for 20-25 msec. In the same experiment another run was done 
with the same sized test stimulus but with a conditioning receptor potential 
only 27% of maximum. This curve differed little in time course from the one 
plotted; the amplitude, however, was different, at 2 msec being 48% of that 
produced by the test shock alone and at 20 msec 95%. 
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Fig. 16. Depression after a receptor potential. Two stimuli were given at an interval of 4-5 msec, 
the second remaining constant while the first was varied. Abscissa: amplitude of first response 
in mV. Ordinate: amplitude of second response in mV measured from the take-off. Maximum 


amplitude of receptor potential as recorded in this preparation was about 1-4 mV. 
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Fig. 17. Time course of depression. Abscissa: interval between stimuli, msec. Ordinate: ampli- 
tude of second receptor potential as percentage of second response alone. First response 73 % 
one sximum receptor potential; second response alone 68% of the maximum receptor 
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Properties of the second phase of the potential 
The second phase of the response to a mechanical stimulus arose more or 
less abruptly from the receptor potential, when the latter reached a critical 
value. This critical value was usually about 10° of the maximum value of the 
receptor potential. 
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Fig. 18. Amplitude of the second phase related to the stimulus strength. Ordinate: amplitude 
as @ percentage of maximum. Abscissa: stimulus strength in volts applied to the crystal. 


The amplitude of the peak of the second phase when measured from the 
base-line usually varied with the stimulus strength. The amount of variation 
differed from one preparation to another, but in all experiments the curve 
relating amplitude of response to stimulus strength showed a rapid increase in 
response for a small change of stimulus strength followed by a nearly constant 
amplitude for all further increase (Figs. 2c and 18). In other words, the 
behaviour of this phase approached that of an all-or-nothing response. Fig. 2c 
is a record of approximately twenty superimposed traces with the stimulus 
strength fixed at a value near threshold ; the amplitude of the receptor potential 
was at its critical level and superimposed were a number of second phase 
potentials of varying amplitudes and rates of rise. The curve in Fig. 18 was 
obtained by measuring, in records of single sweeps, the amplitude from the 
base-line of the second phase at varying stimulus strengths. The graded nature 
of this phase of the response became exaggerated when it was in the process of 
disappearing under the influence of procaine or lack of sodium. It is possible 
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that a graded behaviour of the second phase may indicate that the axon 

terminals are not in a healthy state in these preparations and that it is not 
ed in the whole animal. 

ve conjunction with the changes in amplitude of the peak of the second 

phase, changes in the rate of rise and time of rise of this phase also occurred. 

The rate of rise increased and the time of rise diminished, in some preparations 

appreciably, with increasing stimulus strength (Fig. 19). 


200 
ce 
bd 
a 
be @ 
i 1 1 
vind 2 3 4 5 6 
Stimulus strength 


Fig. 19. Rate of rise of second phase related to stimulus strength. Ordinate: rate of rise %/msec 
(i.e. amplitude as % of maximum). Abscissa: stimulus strength in volts applied to crystal. 


DISCUSSION 
The receptor potential described in this paper has properties similar to and 
would seem to be identical with the potential observed by Alvarez-Buylla & 
Ramirez de Arellano (1953) and called by them a ‘local response’. It has been 
possible, by means of the technique described in this paper, to obtain rather 
more detailed information about this potential than could be done by the 
technique of the previous authors. Our results show that the receptor potential 
can be separated from all other activity by the use of procaine or by the 
removal of sodium from the bathing fluid and that when thus isolated its 
amplitude can, on increasing the stimulus strength, reach a value many times 
the normal threshold for the impulse. On the other hand, there is evidence 
that the subthreshold response in nerve, due to the passage of a small current 
through the nerve membrane, is intimately associated with the mechanism of 
the impulse itself (Hodgkin, 1951). The local response does not occur in the 
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absence of sodium, whereas it will be shown in another paper that the receptor 

tial is little if at all reduced by its near absence. It must therefore be 
concluded that the receptor potential has a mechanism quite distinct from the 
local response of nerve, and it is considered better to describe it by a different 
name. The word ‘local’ does not seem a suitable adjective; the receptor 
potential and the second phase, presumably an impulse, can both excite the 
first node of Ranvier and so set up a propagated impulse. 

The second phase of the response is presumed to be an impulse because it is 
set up when the receptor potential reaches a critical value, approximates to an 
all-or-nothing response, and is easily abolished by procaine or lack of sodium. 
The grading of the amplitude and of the rate of rise of this impulse can be 
explained on the hypothesis of Hodgkin & Huxley (1952). When the stimulus 
strength is small the impulse is not set up until the receptor potential has been 
present for 2~3 msec, and after this delay the potassium conductance will have 
begun to increase and will slow the rate of rise of the potential; if the potassium 
conductance becomes comparable with the sodium conductance during the 
rising phase of the impulse the amplitude will be reduced. This explanation is 
supported by the fact that this grading of the amplitude is exaggerated while 
the impulse is being abolished by lack of sodium. 

‘The receptor potential decayed with a time course compatible with an 
exponential fall, the time constant of which was independent of the amplitude; 
the mean value of this time constant was 1-7 msec. This value is of the same 
order of magnitude as that found for non-myelinated nerves; the products of 
the figures tabulated by Katz (1952) for membrane resistance and membrane 
capacity are squid 0-7, lobster 2, and crab 5 msec. It is possible therefore that 
the membrane is actively discharged for a short time and then recharges 
passively with the time constant of the nerve membrane. If the exponential 
decay does represent the passive recharging of the membrane capacity, the 
time course of the activity required to produce the observed potential change 
can be derived approximately by the method given by Eccles, Katz & Kuffler 
(1941). The result of such an analysis is shown by the dotted line in 
Fig. 20. 

Any hypothesis proposed to explain the production of the receptor potential 
must at present be speculative. It may be useful none the less to consider 
possibilities and probabilities. Possible mechanisms can be classified under 
three main heads: (a) current flow through the membrane from an outside 
source; (b) transfer of charge by ions moving down their electrochemical 
gradients due to changes of membrane permeability (i) due to mechanical 
distortion of the membrane, (ii) chemical action on the membrane; (c) changes 
of membrane potential not included in (a) or (6), e.g. a redistribution of charge 
due to a change of membrane capacity. The discussion of these possibilities 
turns on the absolute value of the largest receptor potentials. While the 
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evidence on this point is not conclusive the ratio of the observed potentials 
suggests that the maximum receptor potential is of approximately the same 
size as the resting potential. Further experiments are needed to demonstrate 
an association between the resting potential and the maximum height of the 
receptor potential. 

If the receptor potential is due to current flowing through the membrane 
from an outside source, then the potential change occurring at that source 
must be much greater than that which occurs across the nerve membrane 
during the passage of an impulse. If the receptor potential and the impulse do 
not in fact occur in the same region, the receptor potential must be bigger than 
the impulse and the potential change at an external source would have to be 


Fig. 20. Full line is a recorded receptor potential. The dotted line represents the duration of the 
active phase if the assumptions considered in the text hold. Top line signals stimulus and 
time 1 msec. : 


bigger still. Furthermore, a potential due to current from an outside source 
would not be limited by the resting potential, and any relation of the maximum 
amplitude of the receptor potential to the resting potential would be a 
coincidence. 

The only mechanism that need by considered under category (c) is that 
discussed by Katz (1950): he considered the possibility that in the muscle 
spindle, the receptor membrane was stretched, so causing a change of membrane 
capacity; this change of capacity would cause a redistribution of charge and 
a fall of membrane potential. Katz finds this explanation improbable on 
quantitative grounds and in this instance it appears even less likely. If it is 
assumed that the maximum receptor potential is 90° of the resting potential 
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then the simplified equation given by Katz for rapid stretches gives the 
required stretch as 900%. 

The most probable explanation of the receptor potential is that there is 
a change of membrane permeability and charge is transferred across the 
membrane by ions moving down their electro-chemical gradients. The change 
of membrane permeability (which could involve one or more ions) might be 
effected by the release of a chemical substance. Acetylcholine is able to excite 
impulses at the terminals of sensory axons, but there is good evidence that it 
plays no physiological role there (Douglas & Gray, 1953; Diamond, 1953) and 
Pacinian corpuscles contain no acetylcholine (Brown & Gray, 1948). No other 
substance has any particular claim for consideration and there are two points 
which do suggest that a chemical transmitter is not a likely explanation. The 
histological structure of the corpuscle does not suggest where a chemical 
mediator might be liberated and the time available is short by comparison 
with synapses. This is not to say that the time is inadequate, but it is quite 
different from that found at the neuromuscular junction, where the evidence 
for chemical transmission is strong, and at the synapse of the monosynaptic 
arc, where there is reason to believe there is chemical transmission. The 
synaptic delays at these junctions, which are in the most rapidly conducting 
systems in the body, are about 0-6 msec at body temperature (Eccles & 
O’Connor, 1939; Kuffler, 1949; Brock, Coombs & Eccles, 1952). The receptor 
potential is set up in less than 0-2 msec at room temperature, and this time 


~ must include the excitation time of the structure that releases the chemical 


agent. 
For the present it seems best to assume that the mechanical movement 


distorts the membrane and causes a change of permeability, possibly in a 


specialized area of membrane (see Douglas & Gray, 1953; Gray & Ritchie, 


_ 1954). The movement may be transmitted to the axon as a stretch (see 
Adrian & Umrath, 1929), or as a compression and decompression. The latter 
- alternative might explain more easily the independence of the potential of 
_ the direction of the movement, because both compression and decompression 
_ ofa small area of membrane could cause that part of the membrane to stretch. 


It is also possible to explain the similarity of the potentials recorded with 
inward, outward and low velocity movements on the basis of axon stretch by 
assuming that the corpuscle represents a partly damped oscillating system; 


? any fast movement could both stretch and relax the axon; low velocity 
_ stimuli would affect the amplitude rather than the duration, and this would 


explain the fact that in some preparations the rising phase of the receptor 


potential is unaffected by the velocity of the stimulus. If this explanation 


were true one would expect the ‘off’ response to have a latency longer than 


_ the ‘on’ by half a cycle and that the minimum velocity of stimulus required 
’ to excite would also be related to the period of the oscillation. These points 
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have not been investigated quantitatively, but some of our records do suggest 
that it might be so. 

On the hypothesis that the mechanical stimulus alters the permeability of 
the specialized nerve membrane at the axon terminal, the nerve membrane is 
discharged by the transfer of charge across the membrane, the charge being 
carried by ions moving down their electro-chemical gradients. At a given value 
of membrane potential the rate at which charge is transferred will depend on 
the permeability of the membrane. The rate of rise of the potential will be 
closely related to this membrane current. It is interesting that at stimulus 
strengths at which the receptor potential amplitude appears to be close to 
a maximum, the rate of rise of the potential is still increasing with stimulus 
strength quite markedly: in other words, even though the maximum potential 
may be limited, the rate at which the membrane is discharged can still be 
increased by increasing the permeability of the membrane. The nature of the 
ions involved is unknown although the failure of lack of sodium to abolish the 
receptor potential has been referred to; this and other matters relating to the 
ionic content of the bathing fluid will be dealt with subsequently. 

The depression which follows a receptor potential has also to be explained. 
It is unwise to regard it as a refractory state since the most convincing explana- 
tion of the latter (Hodgkin & Huxley, 1952) is connected with the sodium 
carrier hypothesis and would not therefore be entirely applicable here. The 
depression continues long after the potential has returned to the base-line and 
cannot therefore be directly due to the existing level of the membrane potential, 
though it may be related to the peak value of membrane potential. Another 
possibility, based on the hypothesis discussed, is that changes in the membrane 
due to mechanical deformation outlast both the permeability changes and the 
deformation. | 


SUMMARY 


1. A method of recording the current flowing along the first segment of 
myelin on an axon from a Pacinian corpuscle is described. With this method 
deflexions recorded in one direction probably represent activity of the non- 
myelinated terminal in the corpuscle, while those in the other, activity at the 
first and subsequent nodes of Ranvier. 

2. Records from a fresh preparation, stimulated with a rapid mechanical 
pulse, show three phases. The first phase, the receptor potential, is graded to 
the stimulus strength. Evidence is presented that the second phase is an 
impulse occurring at the axon terminal in the Pacinian corpuscle. The third 
phase is the activity of the first node of Ranvier. 

3. The impulse at the axon terminal can be abolished by a dose of procaine 
that is insufficient to cause much change in the receptor potential. 

4. The receptor potential increases in amplitude with increasing stimulus 
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strength up to a definite maximum. The maximum amplitude is approximately 
the same as the amplitude of the impulse. It is possible that the receptor 
potential amplitude is limited to the value of the resting potential. The rate 
of rise of the receptor potential increases with the stimulus strength. 


5. The amplitude and rate of rise of the receptor potential are reduced if the 
velocity of the stimulus is reduced. 


6. Receptor potentials summate. A special case is the summation of the 
‘on’ response with the ‘off’ response. 


7. A receptor potential is depressed if it occurs shortly after a 
one. The depth of the depression depends on the amplitude of the first receptor 
potential and the time interval between them. 


8. The amplitude and rate of rise of the impulse show changes with 
stimulus strength. An explanation is proposed. 
9. Possible mechanisms for the receptor potential are considered. 


We wish to thank Prof. G. 
manuscript of this paper with us. 


J. Physiol. 68, 139-154. 
R. & (1953). Local in Pacinian 
Broox, L. G., Coomns, J. 8. & Bours, J. Cc. The recording of potentials from moto- 
neurones with an intracellular J. Physiol. 117, 431-460. 
Brown, G. L. & Gray, J. A. B. 
; to sensory nerve endings. J . Physiol. 107, 306-317. 
Davis, H., Tasaxt, I. & Gotpsrzm, R. (1952). The peripheral origin of activity with reference 
a to the ear. Cold Spr. Harb. Symp. quant. Biol. 17, 143-154. 
Physiol. 122, 28- 
Dovatas, W Ww. A. (1953). The excitant action of acetylcholine and other sub- 
on cutaneous sensory pathways and its prevention by hexamethonium and D-tubo- 
Physiol. 119, 118-128. 
Eoorzs, J. C., Katz, B. & Kuvrizr, 8. W. (1941). Nature of the ‘end-plate potential’ in curarized 
| muscle. J. Neurophysiol. 4, 362-387. 
Eooizs, J. C. & O'Connor, W. J. (1939). Responses which nerve impulses evoke in mammalian 
striated muscles. J. Physiol. 97, 44-102. 
_ Fart, P. & Karz, B. (1951). An analysis of the end-plate potential recorded with an intra-cellular 
electrode. J. Physiol. 115, 320-370. 
Gizzs, ?., Montupprm, A. & Surrn, A. G. (1949). Transplantation of Pacinian bodies in the brain 
and thigh of the cat. Acta anat. 7, 213-224. 
Gray, J. A. B. & Matootm, J. L. (1950). The initiation of nerve impulses by mesenteric Pacinian 
corpuscles. Proc. Roy. Soc. B, 137, 96-114. 
carter B. & Matcotm, J. L. (1951). The excitation of touch receptors in frog’s skin. J. Physiol. 
115, 1-15. 
P. B.C. (1961). A comparison of the adaptation of the Pacinian 
corpuscle with the accommodation of its own axon. J. Physiol. 114, 454-464. 
_ Gray, J. A. B. & Rrrontm, J. M. (1954). Effects of stretch on single myelinated nerve fibres. 
J. Physiol. (in the Press). 
Hopexnr, A. L. (1951). The ionic basis of electrical activity in nerve and muscle. Biol. Rev. 26, 


r 


= 
: 
a 
x 
4 
= 


636 J. A. B. GRAY AND M. SATO 


A quantitative description of membrane current and 
greg hs to conduction and excitation in nerve. J. Physiol. 117, 500-544. 
Karz, B. (1950). Depolarization of sensory terminals and the initiation of impulses in the muscle 
. J. Physiol. 111, 261-282. 
© B. 1069, The of the nerve membrane and its relation to the conduction of 
exp. Biol. 6, 16-38. 


Tasaxt, I. (1939). The strength-duration relation of the normal, polarized and narcotized nerve 
fiber. Amer. J. Physiol. 125, 367-379. 
Tasakt, I. (1953). Nervous Transmission. Springfield: Charles C. Thomas. 


* 
4 
“Cal 
As 
fund” 
bas 
| 
if 
ee 
ij 
¥ 


PROCEEDINGS OF 
THE PHYSIOLOGICAL SOCIETY 


PHYSIOLOGICAL LABORATORY, DOWNING STREET, 
CAMBRIDGE 


24-25 July 1953 


Apparatus for studying semen metabolism and sperm motility 
under constant fluid perfusion and known gaseous partial 
pressures. By H. M. Dorr and A. Watton. A.R.C. Unit of Animal 
Reproduction, University of Cambridge 

Outside the body a sample of active semen rapidly changes composition owing to 

utilization of substrates and the formation of intermediate and final metabolites. 

Some changes are irreversible and affect the survival of the spermatozoa. 

Some deleterious changes may be offset by diluting the semen with media con- 

taining buffer, substrates for metabolic activity, protective substances, etc., 

but dilution with artificial media introduces unphysiological conditions and 
may result in abnormal metabolism and a high death-rate of the spermatozoa. 
In the apparatus demonstrated, some of these disadvantages are overcome. 

_ The semen is placed in narrow cellophane dialysis tubes which are suspended 

in a continuous flow of a physiological fluid, e.g. Krebs-Ringer-bicarbonate 

5% CO,, 95% O, (or N,), and the composition of the perfusing fluid varied 

_ according to the attribute under study, e.g. pH, osmotic pressure, substrate 

utilization, gaseous partial pressure, concentration of test substances of 

physiological or pharmacological interest. The volume of the semen sample 

_Temains constant. Non-dialysable constituents of the semen are retained 

within the tube, and substances of low molecular weight diffuse rapidly to 

_ and from the perfusion fluid until equilibrium is reached. The contents of the 

“tube are stirred by the spontaneous turbulence (‘wave motion’) of the 

spermatozoa (Walton, 1952). Non-dialysable substances can be added to the 

contents of the tube and samples of the contents can be withdrawn periodically 
for analysis. The effluent of the perfusion chamber can also be sampled for 
analysis. A continuous record of sperm motility within the dialysis tube can 
be obtained by measurement of impedance change-frequency (Rothschild, 
1948). Some experiments illustrating the use of the apparatus will be shown. 


REFERENCES 
Rothschild, Lord (1948). J. exp. Biol. 25, 219. 
Walton, A. (1952). J. exp. Biol. 29, 520. 
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The measurement of local potential gradients in the spinal cord. 
By H. F. G6rrert 


An amplifier for local and spike potentials. By B. H. C. Marruews. 
Physiological Laboratory, University of Cambridge 

In central nervous tissues, potential levels of an electrode referred to some 

standard point are often of importance in assessing the causes of activity. 

When normal d.c. amplifiers are used, if the amplification is sufficient to 

reveal all spike activity present, the record may be lost by large changes in the 

local potential level. 


This may be overcome by using two amplifiers, one for d.c. at low gain and 
another of higher gain condenser coupled. The present amplifier was designed 
to do this in a single channel in the simplest possible way. It has been in use 
for several years in following spike and local potential activity in the spinal 
cord and has proved most convenient for this purpose. The stage illustrated 
in Fig. 1 lies between cathode followers and the rest of the amplifier. The 
potentiometer P, controls the d.c. gain, P, controls the a.c. gain, the condenser 
C, or C, is used to pass spike potentials or longer lasting components by 
switch 8S. 

The potentiometer Psi is pre-set to give the same potential at both cathodes 
so that altering the gain by P, causes no shift of base-line. 


25K 
2 
100 K 100 K 
50K P, 
| 
From cathode follower ; 


SOCIETY, 24-25 JULY 1953 8P 


A simple apparatus for measuring the maximum breathing 


capacity. By C. B. McKerrow. M.R.C. Pneumoconiosis Research Unit, 
Cardiff 
Various workers have reported values of the maximum breathing capacity 
differing widely for normal subjects, and it is likely that part of these 
discrepancies are accounted for both by inaccuracy of the recording instrument 
and by the effect of its resistance to air flow on the subject (Muller & Bastert, 
1949; D’Silva & Mendel, 1950). 
In the instrument demonstrated, an attempt has been made to provide 
a simple apparatus of sufficient accuracy possessing a low resistance to air 


flow. It can be assembled from readily available components and is con- 
structed so that the part through which the subject breathes can be changed 
complete after each test to eliminate the risk of transmission of infection. 
The expired volume is recorded by a standard ‘400 cu.ft./hr gas meter’ 


_ Slightly modified by the makers* to increase its accuracy when measuring 


small volumes, and fitted with a dial reading in litres. The apparatus is shown 
in outline in the figure. The subject breathes in and out from the 7 1. closed 
rubber bag contained within a metal tank. As he inspires, air is drawn into 


_ the tank through the inspiratory valves in its floor. As he breathes out, the 


air is displaced from the tank through a three-way tap leading to the expiratory 
valves and thence to a chamber, the top of which consists of a light rubber 
bellows (in our apparatus, bellows from a Sanborn metabolism apparatus are 


used). During the fast part of an expiration, some of the air passes into the 


bellows while the rest goes through the gas meter. During the next inspiration, 
the bellows have time to deflate by their own weight, driving their contents 
through the gas meter, so that the discontinuous air flow of expiration is 
transformed into a continuous flow through the gas meter at a proportionately 
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reduced flow rate. The arrangement overcomes the effects of the inertia of 
the gas-meter mechanism and avoids errors caused by oscillation of the 
components of the usual spirometer system. It also greatly reduces the 
resistance to air flow. Between tests, the bag, tube and mouthpiece can be 
easily changed. The standard error of a reading (mean of three observations) 
with the apparatus is under 3-01./min. Data on the performance of the 
apparatus compared with other instruments will be shown. 


REFERENCES 


Muller, E. A. & Bastert, H. (1949). Arbeitephysiologie, 14, 1. 
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The discharge of individual electroplates in Raia clavata. By 
L. G. Brocx, Rosamonp M. Eccizs and R. D. Keynes. Physiological 
Laboratory, University of Cambridge 

Many kinds of ray and skate have pairs of small spindle-shaped electric organs 
in the posterior two-thirds of the tail, replacing the lateral muscle bundles on 
either side. These are not to be confused with the much larger electric organ of 
Torpedo, which is derived from branchial muscles. In specimens of Rava 
clavata measuring 50 cm across the disk, the electric organs are about 15 cm 
long and 5 mm in diameter at their midpoint. They consist of about a dozen 
columns, each containing some 200 electroplates arranged in series. The 
electroplates are polygonal, 1 mm in width. Their appearance in cross-section 
is reminiscent of the organ of Sachs in Electrophorus, since although they are 
only about 100, thick, they occupy 500, compartments, and are thus 
separated by fairly wide extracellular spaces. They also have similar prominent 
papillae on their non-nervous faces. Their orientation is, however, the reverse 
of that in the organ of Sachs, since the nerve terminals are connected to 
the relatively smooth anterior surfaces of the electroplates. 

The natural discharge of the intact fish has been described by Albe-Fessard 
(1950). It consists of a single pulse lasting for about 0-5 sec and not exceeding 
4 V in amplitude, during which the tip of the tail becomes positive relative to 
the head. Albe-Fessard & Couceiro (1950) have suggested that it is built up 
of numerous 30 msec spikes, which are the asynchronous discharges of indi- 
vidual electroplates. The biological function of this rather feeble shock is 
obscure. 

We intend to demonstrate resting and action potentials in slices of electric 
organ from Rava clavata, using internal microelectrodes. The technique has 
been described by Keynes & Martins-Ferreira (1953), and the apparatus is that 
which was used for experiments on Electrophorus, almost without modification. 
Fig. 1 shows the types of record obtained when an electrode is pushed in 
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stages through an electroplate. In comparison with Electrophorus the resting 
potential is smaller, having been around 60 mV in most of the fishes we have 
examined so far. The action potential across the nervous face (Fig. 1B) is 
longer and has a very different shape, being strikingly like the end-plate 
potential in frog muscle (Fatt & Katz, 1951). In some fishes the spike does 
not seem to overshoot the base-line under any circumstances, but in others 
we have found an apparent reversal of potential by a few mV. We have not 
yet been able to decide which is the more usual behaviour. It seems probable 
that the 20 mV potential change across the non-nervous face (Fig. 1B’) 
results from flow of current within the electric organ, the electrical resistance 
of this face, and hence the passive voltage drop across it, being much larger 
than in Klectrophorus. But this interpretation has still to be checked by 
measurements of short-circuit current and membrane resistance. 
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Fig. 1. Membrane potentials in the electric organ of Raia clavata. Records A, B, C: penetrating 
through nervous face and then transfixing electroplate. Records A’, B’, C’: similar penetra- 
tion through non-nervous face, with slice reversed. 


In these experiments the electroplates have been stimulated by applying 
a shock to the whole slice. This gives an ‘indirect’ response, presumably 
through excitation of the nerve twigs, as in Torpedo and Electrophorus 
(Fessard, 1952). It has so far proved impossible to elicit a ‘direct’ undelayed 


Tesponse. 


It appears that the electroplates of rays may represent an opposite extreme 
of development from those of fresh-water fishes like Electrophorus, their 
nervous faces consisting almost wholly of end-plate type membrane, instead 
of muscle-type membrane. The histological evidence fits with this view, as 
Fessard (1952) has pointed out. Detailed studies of the effects of various 
chemical agents are now being made, in order to see how far the parallel 
with the motor end-plate can be followed. 
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Histological changes in the intestine during colostrum absorption. 
By R. S. R. W. Pomeroy and D. A. Trrcnzn. Phystological 
Laboratory and A.R.C. Unit of Animal Reproduction, Unwersity of 
Cambridge 

Changes, associated with the absorption of colostrum globulins, in the 

histological appearance of the intestinal epithelial cells of calves, up to 24 hr 

old, have been described previously (Comline, Roberts & Titchen, 1951). 

Similar changes have now been detected in the intestinal epithelial cells of 

piglets and kittens after they had suckled colostrum. 

In paraffin sections of the small intestine taken from new-born kittens and 
pigs within 6-18 hr of the ingestion of colostrum, globules of material from 
0-5 up to 10, in diameter, which stained black with iron haematoxylin and 
red with azocarmine, were detected in the intestinal epithelial cells. Their 
position in the cell varied; in sections from animals killed about 6—8 hr after 
suckling they lay mainly in the upper half of the cell, the nucleus occupying 
a basal position. In two piglets, killed 15 and 18 hr after suckling, the globules 
were in the basilar half, and the nuclei lay in the upper half of the intestinal 
epithelial cells. Material staining in a similar manner to the globules was also 
detected within the lacteals, especially those taken from animals 15-18 hr 
after they had suckled. | 

The intestinal cells of animals up to 48 hr old, which had not suckled, did 
not show any globules within the intestinal epithelial cells (or material within 
the lacteals) which stained with iron haematoxylin or azocarmine. There 
were, however, large vesicles or vacuoles within the epithelial cells of the small 
intestine. These vacuoles were also present in suckled animals up to 48 hr 
old, and in the intestine of the foetus within the last 2-3 weeks of intra- 
uterine life. They have not been stained with certainty in paraffin or frozen 
sections of Suza or formol-saline fixed tissue. 


This work has been assisted by a grant from the Agricultural Research Council. 


REFERENCE 
Comline, R. 8., Roberts, H. E. & Titchen, D. A. (1951). Nature, Lond., 168, 84. 


* 
oft 
ate 
2 
a 


in two Terry clips 15cm apart mounted on a 4 


SOCIETY, 24-25 JULY 1953 7P 


A simple gas-analysis apparatus for student use. By Q. H. Gisson,* 
A. D. M. Greenrietp and I. D. Tompson. Department of Physiology, 
The Queen’s University of Belfast 


This apparatus, which has been in constant use and under development for 
the past 10 years, enables students with no previous experience of gas analysis 
to secure results accurate to 1%, and with care to better than 0-5%. Samples 
can be analysed for oxygen and carbon dioxide in less than 15 min. The 
apparatus is cheap to make and easy to maintain. The principle is, we think, 
due to Scholander. 

The burette, A, is calibrated from the top downwards, from 0 to 10 ml. in 
divisions of 0-1 ml., the scale being about 20 cm 
long. The bulb B, is about 2 cm in internal 1 { 
diameter, 8 cm long, and ends in a short tube C. a 
The internal diameter of all parts from C to G 
is 9mm. Dis soft red rubber tube 12 cm long 
and with 4mm wall. F is a loop of red rubber 
tube 42 cm long and with 1-5 mm wall. £ isa 
connector made of glass (but Staybrite F.D.P. 
stainless steel is now being introduced and seems 
satisfactory). G is a reservoir 27 cm long and 
1-4 cm internal diameter. The lower ends of C 
and G and both ends of £ are slightly everted. 
_ All joints are wired with 20 s.w.g. tinned copper, 7 

and the two wires at EF are also twisted together. | | 

Two identical sets are mounted side by side | 
on a vertical back-board 75x 35cm. A is held p iy 


_ 2cm thick batten (to allow B to clear the back- 

_ board). Gis held in two Terry clips fixed directly € H 

_ to the back-board. One set is filled with 10% 

_ pyrogallol in 30% KOH, the other with 5% Ff 

- KOH. These solutions are safer than those 

_ normally used in gas analysis, and are adequate for class purposes. Both have 

_ ®2cm layer of paraffin above the solution in G. 

_ Gas is introduced through the wall of D from a 10 ml. syringe, H, provided 
with a lock nut, J, on the specially threaded stem to facilitate reproducible 

filling, and fitted with a sharp needle 1-5cm long and 0-7 mm diameter. 

Between analyses the syringe is flushed with 1% sulphuric acid coloured with 


] methyl red. CO, is absorbed by the time the gas has bubbled up into A. For 


O, absorption it is better to remove the burette from the clips, and, holding 


* Present address: Department of Physiology, University of Sheffield. 
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by ©, to let the gas pass to and fro between A and B five times. Readings 
are taken after allowing 2 min for drainage, and with the position of G adjusted 
to bring the fluid in A and @ to the same horizontal level. The volume held 
in the syringe when the plunger is withdrawn to the stop is measured by 
injecting room air (assumed to be CO,-free) into the CO, absorbing tube. 
After analysis, the burette is removed and held vertically downwards, the gas 
escaping through @. 

Paired O, and CO, burettes with identical calibration are selected by the 
laboratory staff; this can be done conveniently by tipping about 8 ml. of 
mercury from burette to burette. 

Notices on the back-board warn students to use the eye-shields provided, 
to plunge into a bucket of water any part contaminated with alkali, and to 
remove the burette by holding the stem close to the Terry clips (and not by 
pulling on B). The burette and syringe barrel are handled as little as possible 
to reduce thermal effects. 

The bulb B increases the reagent capacity and prevents a backwater of 
reagent forming in the burette. The short tube D is cheaply replaced when it 
eventually leaks after repeated puncture. The apparatus holds 90 ml. of 
reagent, sufficient usually for 15 oxygen analyses. 

Haldane-Priestley alveolar air tubes for use with this apparatus are made 
from 1 in. internal diameter garden hose. The chromium-plated mouthpiece 
is made of 1 in. copper tube partly flattened at one end and has a short side 
tube, 0-5 in. long and 0-25 in. diameter, closed with a rubber cap. The 
alveolar air sample is drawn directly into the syringe, the needle being 
inserted through the cap. To analyse the gas in a Douglas bag, a sample is 
first transferred to a football bladder with a short length of expendable 
rubber tube attached to the neck. Gas is then taken into the syringe by 
puncturing the expendable tube. 

An account of another simple gas analyser is given by Fry, Burton & 
Edholm (1949). 

REFERENCE 
Fry, F. E. J.. Burton, A. C. & Edholm, 0. G. (1949). Canad. J. Res. E, 27,188. 


Isometric lever for small forces. By D. Maurice. Ophthalmological 
Research Unit, Medical Research Council, Institute of Ophthalmology, 
Judd Street, London, W.C. 1 


This lever is intended to record the contractions of the isolated cat’s iris. 
The arm 1s a flat metal plate, A, supported at one end by a flexible steel 
spring strip, B. Its free end forms one plate of a condenser, the other plate 


being the face, C, of a 2 B.a. screw in an insulated mounting. The gap between 
the plates can be adjusted with the screws S, which support the arm. 
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The capacity of the condenser is a measure of the force on the arm and is 
determined by an oscillator of frequency in the range 200-250 Mc/s. The 
condenser and the cable attached to it form the capacitive element of a tuned 
circuit, and the U.H.¥. voltage developed across the circuit is rectified by 
a germanium detector. The rectified output is fed directly to a pen recorder; 


the apparatus demonstrated will give a linear movement of the pen of 3 in. 
on an instrument of 400 coil resistance, corresponding to a force of 
70 mg on the lever arm. The advantages this system has over those working 
at lower frequencies are the simplicity of its construction, the small capacity 
of the condenser element which allows the use of smaller electrode areas or 
greater spacings, and the minor influence of the length of connecting cable on 
its performance. 


The contractile response of mammary myoepithelium to mechani- 
cal and hormonal stimuli. By B. A. Cross 


Measurement of the rhodopsin density in the eye. By W. A. Hacrs 
and W. A. H. Rusaton 


Technique of perfusion of the canine liver. By W. H. Horner 
Anprews, R. Hecker, B. G. Marcraira and H. D. Rircuiz. Department 
of Tropical Medicine, Liverpool School of Tropical Medicine. (Film) 

The film is 16 mm Kodachrome and demonstrates the apparatus and tech- 

nique, slightly modified, described by Andrews (1953). 

After the dog is anaesthetized the trachea is cannulated and artificial 
respiration started, using oxygen in preference to air. : 

The actual operative procedure is designed to obviate hepatic anoxia and 
to perfuse with almost undiluted homologous blood. The thoracic inferior 
vena cava is first cannulated, and, while blood is draining into the apparatus, 
the superior mesenteric artery is clamped and the portal vein rapidly can- 
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nulated. Portal venous inflow with oxygenated blood is started. The hepatic 
artery is then cannulated. On dividing the tissues of the lesser omentum 
anastomotic arterial branches are cut and ligatured. Excluding the time 
taken for tracheal cannulation it has been possible to complete the operative 
work in eight minutes. 

The expenses are largely defrayed by the Holt Malaria Research Grant. 


REFERENCE 
Andrews, W. H. H. (1953). Ann. trop. Med. Parasit, 47, 146. 


Human blood cells. By N. M. Hancox. (Film) 


A method for injection of drugs into the lateral ventricle of the 
cat. By W. Fe.psere and 8. Sxerwoop. (Film) 


The penetration of large water-soluble molecules into the aqueous 
humour. By H. Davson. Department of Physiology (Medical Research 
Council), University College, London 

The kinetic study of the blood-aqueous humour barrier suggests that large 

water-soluble substances, such as sucrose and raffinose, penetrate the eye fluid 

by way of water-filled pores that are large by comparison with the diameters 
of the molecules. Presumably these pores are intercellular spaces. The 
question arises whether these substances are carried into the aqueous humour 
by a flow of fluid through the pores or whether they enter by diffusion only. 


| 


¢=45 min ¢=90 min 
Raffinose p-Amino-hippurate Raffinose p-Amino-hippurate 
0-026 0-045 0-081 0-096 
0-032 0-033 0-071 0-058 
0-043 0-037 0-056 0-0565 
0-165 0-165 0-061 0-064 
0-035 0-044 0-063 0-050 
0-073 0-072 0-046 0-047 
Mean 0-045 0-049 Mean 0-063 0-062 


In the former case their rates of penetration should be equal, whereas, in the 
absence of any flow, they should be inversely proportional to the square roots 
of their molecular weights. Raffinose and p-amino-hippurate are both strongly 
water-soluble, have molecular weights differing by a factor of 2-6, and may 
both be estimated in small quantities of fluid without mutual interference. 
They were therefore chosen for simultaneous measurement of their rates of 
penetration into the aqueous humour of the rabbit. A mixture of the isotonic 
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solutions was injected continuously into twelve separate animals: blood samples 
were withdrawn at regular intervals, and at the required times both aqueous 
humours were withdrawn and analysed. The results are presented in Table 1 as 
the ratio of the concentration in the aqueous humour over the mean con- 
centration in the plasma, ¢ being the time elapsing between the beginning of 
injection and the removal of the aqueous humours. The mean percentage 
difference in the transfer constants, computed from the figures, is only 6% in 
favour of p-amino-hippurate. If the substances diffused through large water- 
filled pores the difference should be 61%. It would seem, therefore, that they 
are carried into the aqueous humour predominantly by flow. 


Slow and rapid regeneration in the living cat’s retina. By 
R. A. Weate. M.R.C. Group for Research in the Physiology of Vision, 
Institute of Ophthalmology, London 


Since the cat’s tapetum reflects a large fraction of the incident light (Weale, 
19534), the reflected portion can be used to study intra-retinal changes. On 
* neutralizing the ocular dioptrics it has thus proved possible to follow the 
regeneration of the photochemical substances in the retinae of decerebrate, 
curarized cats, subsequent to bright illumination with white light. When the 
regeneration is followed with light of various wave-lengths in turn, it becomes 
- possible to construct the regeneration spectrum of the principal component; 
it is found to be similar to the absorption spectrum of mammalian ‘visual 
purple ’—pigment 497 (cf. Crescitelli & Dartnall, 1953). This type of regenera- 
tion continues for 35-40 min; the density of this ‘visual purple’ is found 
to be 0-09-0-1 at its wave-length of maximum regeneration (Weale, 19535). 
~ This confirms a value previously obtained by an entirely different method 
~ (Rushton, 1952). 
- Another type of regeneration has, however, been observed in a small 
_ number of cats. It is exceedingly rapid, being completed in about 2 min and 
_ the average maximal density change is about 0-095 (+0-017). The spectral 
distribution of the fast regeneration is altogether incompatible with the 
_ absorption characteristic of ‘visual purple’. Its shape agrees with the nomo- 
gram curve, representing the absorption spectra of all known broad-band 
visual pigments (Dartnall, 1953). The maximum of this pigment is at 561 my. 
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Variations in the latent period of vision. By G. B. Arpmn and 
R. A. Weare. M.R.C. Growp for Research in the Physiology of Vision, 
Institute of Ophthalmology, London 

When a swinging pendulum is viewed binocularly, and a grey filter is placed 

before one eye, the bob appears to describe an ellipse. This has been explained 

by assuming an increased latency of the nerve impulses reaching the brain 
from the darkened eye (Pulfrich, 1922). However, the latency variations 
have never been measured. In the present work two small light fields (2’ in 
diameter) were presented one to each eye. The time interval between the two 
and the intensity of one of them could be altered independently. This allowed 
measurement of the interval between the flashes when they appeared to be 
simultaneous. Two observers repeated the observations at various intensity 
ratios both in the rod-free region of the fovea and in a location 8° to the nasa 
side of the fixation area. In the extrafoveal results there is a marked increase in 
latency as the intensity is reduced, particularly as the threshold is approached. 
In the foveal measurements there is a small increase in latency with decrease 
of intensity near the threshold. At higher luminance levels, a small but well- 
marked decrease in latency takes place as the intensity is reduced. Thus if 
the Pulfrich effect (P.z.) is due to latency variations it should be greatly 
reduced when observed only with cones. The P.£. is not altered when the 
pendulum is viewed through blue-green filters (Ilford 604) but is greatly 
reduced with deep red filters (Ilford 609). This was observed by seven observers. 

The red filters virtually prevent the stimulation of the rods. Therefore the 

P.E. is due to the great alteration in latency exhibited by the extrafoveal 

mechanism. 
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Evidence for a visual pigment having modulator-like properties. 
By H. J. A. Dartwatt. M.R.C. Growp for Research in the Physiology of 
Vision, Institute of Ophthalmology, London 


Visual pigment solutions prepared from retinae of dark-adapted clawed toads 
(Xenopus laevis) have absorption characteristics approximately midway 
between those of visual purple(A,,,, =502my) and visual violet (Amax. = 533myp). 

In order to test the homogeneity of these solutions they were examined 
by the method of partial bleaching. Samples of the solutions were exposed to 
narrow spectral bands of light from a monochromator for times sufficient to 
bleach only a fraction of the total photosensitive material present. The 
resulting changes in absorption (difference spectra) were measured. The 
partially bleached solutions were then re-exposed for further bleachi ng and 
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measurement. Finally bleaching was completed by exposure to white light. 
The various difference spectra obtained, whether by bleaching with white light 
or by spectral bands centred at 430, 480, 530, 580, 630 or 650 my, were all 
very similar. This result seemed to indicate that the solutions were homo- 
geneous, i.e. contained a single broad-band visual pigment having an absorp- 
tion maximum at 519+ 3 my (Dartnall, 1952). 

Small but significant variations in the difference spectra were, however, 
noted. This suggested that although most of the photosensitivity of the solutions 
was due to visual pigment 519, a small amount was due to another pigment 
absorbing maximally at c. 565 muy. m 

Unlike other known visual pigments whose broad absorption spectra are 
of very similar shape (Dartnall, 1953), the second pigment appears to have 
@ much narrower absorption band, resembling the action spectra of Granit’s 
modulators (Granit, 1947). 

This narrow band can be correlated with a hump in the spectral sensitivity 
curve of Xenopus laevis, as measured recently by a behavioural method 


(Denton & Pirenne, 1951). 
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A narrow-band visual pigment obtained by a new technique. 
By G. B. Anpen. M.R.C. Group for Research in the Physiology of Vision, 
Institute of Ophthalmology, London 

Visual pigments are usually studied by treating whole retinas or end-organ 

concentrates with stromalytic agents, and analysing the properties of the 

resulting solutions. A closer approximation to the conditions prevailing in the 
eye can be obtained if the end-organs themselves are investigated. Suspensions 
of the outer limbs of the rods and cones of Rana temporaria were obtained 
by the sugar-flotation method (Saito, 1938). The end-organs, suspended in 
sucrose, scattered light strongly and masked any light absorption due to the 
visual pigments. By measuring the difference between the light-transmitting 
properties of two samples of the same suspension, only one of which had been 
exposed to the bleaching light, the difference spectrum of the pigment 
contained in the end-organs could be determined. 

The difference spectra of the suspensions differed in several ways from the 
difference spectrum of visual purple in solution. 

In fresh suspension the yellow product of bleaching is unstable. The 
activity of the system responsible for the breakdown decreases with time. 
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If a suspension is stored in the dark for three days before it is examined, the 
‘visual yellow’ is completely stable and the difference spectrum is therefore 
reproducible. 

The maximum of the difference spectrum is at 511 my, which is significantly 
different from the difference spectrum of visual purple in solution (504 my). 
This suggested that the suspensions contained, in addition to visual purple, 
another pigment which absorbed at longer wave-lengths. The suspensions were 
analysed by the method of partial bleaching (Dartnall, 1952), and a second 
pigment was found. Its absorption maximum is at 530-540 mp, and it has 
a narrower absorption spectrum than that of the other visual pigments, 
all of which have similarly shaped absorption bands (Dartnall, 1953). 

Although it is more sensitive to green light than is visual purple, it is less 
sensitive to red light. For this reason it is difficult to achieve a satisfactory 
separation of the two pigments. The absorption spectrum of the narrow-band 
pigment agrees with Granit’s data for the sensitivity spectrum of the green 
modulator of the frog (Granit, 1941). If digitonin is added to a suspension, 
the difference spectrum is found to lie at 504 my. This indicates that the 
narrow band pigment is destroyed as the end-organs break up. 
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Glycolysis in the living and excised cornea of the rabbit. By 


KaTHLEEN Heap and M. E. Lanenam. Ophthalmological Research Unit, 
Institute of Ophthalmology, London, W.C. 1 


The relative importance of the limbal circulation, and the tear and aqueous 
humour fluids in the supply of oxygen to the avascular mammalian cornea 
has been studied (Langham, 1952). It was shown that the cornea of the 
living animal utilizes oxygen received directly from the atmosphere and that 
the concentration of lactic acid rises and falls with a corresponding decrease 
and increase in the atmospheric oxygen tension. From this and further 
experimental evidence it has been suggested that the cornea in the living 
animal is not receiving sufficient oxygen to maintain a maximal respiration. 
In the present study a comparison has been made of the rate of accumula- 
tion of lactic acid in the cornea of the living animal with that found in the 
excised tissue under aerobic and anaerobic conditions. Assuming that the 
rate of accumulation of lactic acid in the cornea at the time of its excision 
reflects closely the glycolytic activity in the living animal, a series of thirty- 
four rabbits were used to investigate the changes occurring immediately 
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following excision. The results show that in the absence of a nutrient medium 
the rate of accumulation is approximately constant for a period of 10-15 min 
following excision and indicates that lactic acid accumulates at a rate of 
6-5 pg lactic acid/mg dry wt./hr in the living animal. 

Glycolysis in the excised cornea was found to be constant and maximal 
in a Krebs phosphate medium containing glucose to a concentration of 
100 mg %. Under anaerobic and aerobic conditions lactic acid was found to 
accumulate at rates of 10-5 + 0-97 (6) and 2-76 + 0-20 (12) yg/mg dry wt./hr 
respectively. 

If the respiration were maximal it would be expected that the rates of 
glycolysis in the living animal and in the tissue under aerobic conditions 
would be similar, whereas values for the living animal were found to be over 
twice and more than half those found for the excised cornea under aerobic 
and anaerobic conditions respectively. _ 

REFERENCE 
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Oxygen supply to rabbit cornea. By Karuizen Heatp and M. E. 


LaneHaM. Ophthalmological Research Unit, Institute of Ophthalmology, 
London, W.C. 1 


To gain some knowledge of the rate of transfer of oxygen across the cornea of 
living rabbits, and to determine whether the cornea could receive an adequate 
supply of oxygen from the tear and aque- 
ous humour fluids, the concentration of 
oxygen in the aqueous humour was deter- 
mined under normal conditions, and after 
exposure of the anterior surface of the 
cornea to an atmosphere of increased 
oxygen tension for several hours. 

The aqueous humour was withdrawn 
from the rabbit eye directly into the 
micro-cell shown in the accompanying 
figure, and the oxygen concentration 
determined polarographically by measure- 
ment of the current passing between — 0-5 
and —1:3 V. No other substance in the 
aqueous is reduced at potentials between 0 
and —1-3 V, and reproducible readings are | #352)” 
obtained for each aqueous sample provided 
that the cell is cooled in an ice-water bath. The partial pressure of oxygen 
of normal eyes has been found to be approximately 40 mm Hg (ten animals). 
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The experimental animal anaesthetized with pentobarbitone was placed in 
a Perspex box in an atmosphere of oxygen for the required period, normal 
respiration being maintained by means of a tracheal tube. The oxygen tension 
of the control eye was measured immediately before putting the animal into the 
box, and that of the experimental eye was determined as soon as the animal was 
removed from the box. The partial pressure of oxygen in the aqueous humour 
increases with time of exposure to oxygen, reaching a steady state value of 
approximately 90 mm Hg after 3-4 hr. Using these results, together with the 
value for oxygen uptake of the whole cornea, the rate of passage of oxygen 
through the cornea of a living animal has been calculated, and has been found 
to be inadequate to maintain maximal respiration throughout the whole tissue 
under normal conditions. 


Ganglion cells and their relationships with one another in the 
human lumbar sympathetic ganglia. By F. W. Garrns and 
H. 8. D. Garven. Institute of Physiology, University of Glasgow 


This communication reports the beginning of an investigation of the human 
lumbar sympathetic ganglia in an attempt to provide a histological basis for 
their functional activity. 

Ganglia from four adults undergoing lumbar sympathectomy for vascular 
lesions of the leg have so far been examined. These ganglia were examined 
by the Bielschowsky-Gros silver diammine ion technique (Garven & Gairns, 
1952). 

Many of the appearances reported by de Castro (1932) have been 
confirmed. 

The ganglion cells lie in irregular groups or singly in a plexus of interlacing 
fibres and dendrites and less frequently in rows between bundles of myelinated 
and non-myelinated fibres. The cells vary considerably in size but de Castro’s 
division into three sizes seems impossible. Their shape varies from spindle 
forms to oval, round, multiangular and irregular types. They lie in a closely 
applied capsule of amphicytes (satellite cells) which may however extend 
along the dendrites or spread out to enclose branching dendrites in 
‘glomeruli’. 

The dendrites vary in calibre, length, type of branching and arrangement. 
There occur: (1) short fine dendrites ending within the capsule or penetrating 
and encircling it; (2) short thick dendrites penetrating the capsule to break 
up outside it into many fine branches; (3) dendrites of medium thickness with 
little or no branching penetrating the capsule to encircle it or extend radially 
for some distance; (4) thick dendrites, often confined to one side of the cell, 
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soon branching repeatedly to form a tangle of pointed processes in a mass of 
amphicytes; (5) very broad dendrites running a long wavy course in an 
amphicyte sheath in which they give off a few short fine branches and finally 


Fig. 1. Group of ganglion cells from human lumbar sympathetic ganglion showing dendritic 
processes, Bielschowsky-Gros silver diammine ion stain. Untouched photomicrograph. 


| ending by branching in a ‘glomerulus’. Such ‘glomeruli’ are formed by inter- 
_ digitating dendrites of type (4) from one or more cells (Fig. 1). 


The axons of these ganglion cells are difficult to identify. 
The ganglia were obtained through the courtesy of Mr W. Arthur Mackey. 
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: Stimulation of the cerebral cortex with electrodes applied outside 


the skull. By T. Guautierotti. Dan Mason Research Foundation, 
West London Hospital Medical School 


Pit has been found possible to produce localized movements by stimulating the 
_ cortex from the external surface of the head using 8 mm diameter electrodes. 


Film records of single finger and toe movements have been obtained from 
baboons under medium ether and N,O anaesthesia. Simultaneous action- 


_ potential records were made. 


Localized movements with a constant stimulus did not show the deviation 


_ of response seen with the cortex exposed. The response appeared after a delay 
~ dependent on the strength of stimulus, at threshold strengths up to 24 sec. 
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When the electrodes were placed on the two ends of the motor area, different 
groups of muscles contracted at different frequencies of stimulation, in the 
range between 30 and 100 per sec; at each frequency the threshold was 
redetermined. A« the frequency increased, the active focus of the motor area 
moved away from the cathode towards the anode; at lower frequencies (under 
20 per sec) only the region under the cathode was stimulated. These results 
are comparable with those observed by Hyde & Gellhorn (1951) on the exposed 
cortex. 

At frequencies of up to 20 per sec each stimulus was followed by a discharge 
of large action potentials which appeared in the region under the cathode 
after a delay of some 20 msec, showed increasing synchronization as stimula- 
tion continued and lasted no more than 30-40 msec; these were superimposed 
on a slow negative potential, which resembled a ventral root potential, and 
showed temporal summation. The delay from the beginning of stimulation 
to the onset of muscle contraction coincided with the building up of the cortical 
action potentials, so that the first movement started when a certain degree of 
negativity and synchronization had been reached. In the remaining part of the 
motor area, in a narrow strip of the premotor area adjacent to it and 
immediately around the anode, action potentials were also recorded, but these 
were of much smaller amplitude and appeared as asynchronous volleys 
starting at the same time as the others, but outlasting them by up to 
200 msec ; these, however, showed no temporal summation, and were associated 
with no muscular contraction. No electrical changes were seen in the ser.sory 
areas, the occipital cortex, or the contralateral motor area. 

Stimuli applied through bi-temporal electrodes were not very effective. Even 
with a current 3-4 times threshold only a very few action potentials were 
recorded, mainly near the cathode and having the same characteristics as the 
smaller action potentials already described. A small response could be 
recorded around the anode. 7 


This work was made possible by a grant from the Dan Mason Research Foundation. 


REFERENCE 
Hyde, J. & Gellhorn, E, (1951). Brain, 74, 432. 


Motor responses from the medial surface of the cerebral hemi- 
sphere in man. By J. A. V. Bares, Neurological Research Unit, 
eT Research Council, National Hospital, Queen Square, London 

If one cerebral hemisphere is removed, the medial surface of the remaining 

hemisphere can be exposed and stimulated, if a suitable portion of the falx 

cerebri is excised. This opportunity has been taken during hemispherectomy 
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performed by Mr W. McKissock for long-standing unilateral cerebral damage 
(infantile hemiplegia). The stimulation was performed during very light nitrous 
oxide anaesthesia with 4 msec unidirectional pulses at a frequency of 50 pulses 
per sec from a constant voltage source applied to a pair of electrodes 2 mm apart. 
Movements of the limbs were observed in nine out of ten consecutive patients 
from forty-nine separate points, and were recorded by cine film as well as by 
observers’ dictated reports. 

The special feature of the motor responses from this region in these patients 
is the readiness with which more than one limb moves. It is extremely rare 
to see this when stimulating the motor region on the lateral surface under 
similar conditions of stimulation. Movements which began in the contra- 
lateral leg more often than not spread to involve the ipsilateral (hemiplegic) 
leg within 3 sec. Movements commencing in the ipsilateral leg and in either 
arm were also obtained and commonly spread to involve other limbs; in one 
case movement of all four limbs was produced from stimulation of a single 
cortical point. These complex responses could readily be obtained on repetition 
and were in no way similar to movements associated with epileptiform after- 
discharge on the electrocorticogram. They resembled in some respects the 
attempt to assume a posture or to perform the components of a complex act 
such as climbing. 

Complex movements of the limbs are one feature of the excitable area on 

the medial surface now called the supplementary motor area, recently 
examined by Penfield & Welch (1951) and others in man. It seems that 
significantly more movement on the ipsilateral (hemiplegic) side has been 
produced in these cases than in those who were not affected by infantile 
hemiplegia observed by others. This would be consistent with a hypothesis of 
“vicarious function’ in the nervous system, for it is well known that co- 
ordinated movements of the legs (e.g. walking) are relatively unaffected in 
hemiplegia of early onset, or after hemispherectomy. 
Somewhat in contrast to this, in two cases cortical stimulation has given 
movement of the toes on each side which closely resembles the classical 
_ ‘extensor plantar response’ elicited by stimulation of the sole of the foot. 
_ This response is widely assumed to represent a movement organized at a spinal 
level. This observation raises again the question as to what extent cortical 
stimulation is merely evoking spinal reflex movements. Sherrington many 
times stressed the detailed similarity between spinal reflex movements and 
the movements evoked by cortical stimulation in the same species. 


REFERENCE 
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The duration of the active state ina muscle twitch. By L. MacrHErson 

and D. R. Wixi. Department of Physiology, University College, London 
The change which takes place in a muscle on stimulation appears to be the 
same in a twitch as it is in a tetanus; but in a twitch the active state does not 
last very long, so there is not time for the isometric tension to rise to its full 
(tetanic) level. 


100 


0 50 100 150 200 
Time since first stimulus (msec) 


Fig. 1. Isometric tension (left ordinate) and ‘activity’ (right ordinate) during the early stages 
of contraction. Frog sartorius 0° C. Stimuli indicated by arrows. A, tetanus; B, twitch; 
C, summated response to two stimuli. 


The method we have used for measuring the duration of the fully active 
state is based on a comparison between the curves of isometric tension rise in a 
tetanus (curve A) and in a twitch (curve B). During the early part of the 
twitch the muscle is fully active, so the two curves coincide. The curves begin 
to separate at the moment when the active state in the twitch begins to 
decline, about 70 msec after the stimulus in the experiment shown. 

For practical measurement it is best not to tetanize the muscle, but to 
compare the twitch with the summated response to two stimuli (curve C). 
So long as the second stimulus is given at least 15 msec before the first active 
_ State begins to decline, full activity is smoothly maintained for a further 
period. 

The exact point at which separation of the two curves can be detected 
depends on the sensitivity of the recording apparatus, which can conveniently 
be increased by electrical differentiation of the tension-time curve: It then 


becomes possible to detect a decline in activity 50-60 msec after the first 
stimulus. 


_ Steady potentials and slow potential changes in the spinal cord. 
By H. F. Goprert. Physiological Laboratory, University of Cambridge 
Extracellular steady potentials in the interior of the frog’s spinal cord were 
measured using glass micro-electrodes, which were inserted perpendicular to 
the dorsal surface of the cord. The electrodes with a tip diameter from 
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10 to 20, filled with Ringer solution, had a resistance of 10-30 MQ. The 
potentials were led to a cathode follower with direct-coupled amplifier and 
eathode-ray oscillograph. The reference electrode was placed in Ringer-soaked 
¢otton-wool covering most of the spinal cord’s surface. An oil-operated micro- 
manipulator (Matthews, 1952) allowed very precise and slow movements of 
the micro-electrode, and every position could easily be reproduced several 
times. 

In normal conditions the steady potential in the interior of the cord is 
negative to the surface. In a few experiments a slight positive deviation 
(l-2 mV) was seen in the uppermost level of the dorsum. Extracellular 
negative potentials up to nearly 20 mV were found over considerable areas of 
the grey matter. When moving the electrode down from the dorsal surface, 
a first negative maximum is found in the dorsal horn; and usually a second in 
the ventral horn. In the zone around the central canal the potential was 
almost zero, and rather low values were found in the lateral tracts. 

After stimulation of a dorsal root slow potential changes were recorded 
from the interior of the cord, their form changing with the position of the 
electrode. In the upper parts near the surface the potential changes are 
diphasic with a shorter negative and a longer positive component, very similar 


_ to the deflexions found by Gasser & Graham (1933) and Hughes & Gasser 


(1934) on the cord’s surface. Entering the grey matter in its dorsal part, the 
positive wave grows higher and longer, whereas the negative component 
gradually disappears and may only be marked by an incisure or saddle in the 
potential curve. When the electrode approaches the ventral region, usually 


- the curve reverses, but this negative wave does not appear to be homologous 


with that in the dorsal regions. 

In these experiments with the spinal cord im situ, the slow potential has 
@ duration ranging from 100 to 500 msec, and a maximum deflexion of 
0-4-0-8 mV. Much greater potential waves, however, could be obtained in 


” ‘excised and isolated preparations of the spinal cord. These appear to be 


closely related to the dorsal root potentials recorded from a root in air. 

These results emphasize the geometrical complexity of the potentials 
occurring in the spinal cord. There is evidence that there are several different 
sources of slow potentials. In the normal anatomical position a further 
complication is due to the fact that the whole cord and the roots are part of 
a large system of volume conduction. 
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Current flow in the central nervous system. By B. H. C. Matruews. 

Physiological Laboratory, University of Cambridge 
Temporary potential differences in volume conductors such as arise from action 
potentials cause transient current flow to occur. But in many parts of the 
central nervous system standing potential differences exist extracellularly 
over large areas. Alanis and I have found the ventral horn of rats and 
frogs may be many millivolts negative to surrounding tissues (but only if 
reflexes are brisk). This appears to be due to continuing partial depolarization 
of many neurones; the potential change when a microelectrode enters a cell is 
found to be larger in a deeply anaesthetized animal than in one showing 
brisk reflexes where it is much less than that found in isolated cells or to be 
expected theoretically. 

The corollary appears inescapable that currents are flowing continually to 
these regions, and many neurones appear to be performing electrical work 
continuously. 

The current flow is presumably carried entirely by ions and transport of 
material must be effected thereby. 

Bernhard, Skoglund & Therman (1947) have shown that the potential level 
of the motor roots changes with afferent inflow and Gualtierotti (1952) has 
shown that major changes in activity are accompanied by alterations in this 
level. 

The origin of these effects appears to be current flow from the ventral horn. 
Gépfert (1953) has mapped the potential gradients existing. 

The extreme sensitivity of central neurones to stimulation by direct currents 


and the reflex alterations resulting from their artificial application (Alanis, — 


1953) and dependence on its orientation (Bernhard et al. 1947) suggests that 
an elaborate pattern of current flow exists in and around the grey matter and 
central nervous structures which plays an important role in integration. On 
this, temporary changes are superimposed by incoming impulses. 

® REFERENCES 
Alanis, J. (1953). J. Physiol. 120, 569. 
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Conduction along the dorsal tracts of the spinal cord. By 
B. Hotmeren. Physiological Laboratory, University of Cambridge 
Initial observations by Gasser & Graham (1933), followed by more detailed 


studies on afferent pathways of the cat, by Gardner, Latimer & Stilwell (1949), 
Lloyd & McIntyre (1950) and Rexed & Strém (1952), have shown a decrease 
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in conduction rate of incoming afferent potentials, when followed cephalad 
with surface recording electrodes along the dorsal column. Lloyd & McIntyre 
< were unable to trace group I muscle afferents of the hind limb beyond the 
lower thoracic segments even for antidromic conduction. Tasaki (1952) has 
also found that in the frog conduction is slower in the dorsal funiculi than in 
the afferent fibres of the sciatic nerve. 

Experiments were performed on decerebrate Rana esculenta. The entire 
spinal cord, exposed im situ, was continuously irrigated with oxygenated 
Ringer at room temperature. The VII-X ventral roots were sectioned 
bilaterally ; in some cases the II and III also. The dorsal tracts were stimulated 
superficially with a concentric electrode of 1 mm in diameter, with thyratron- 
controlled condenser discharges or square-wave pulses delivered through 
| gn isolating transformer. Alternating-current amplifiers and a cathode-ray 
: oscillograph were used for recording the potentials from peripheral nerves. 

Single-fibre antidromic responses of the nerve to the extensor brevis 
profundus digit IV could be evoked by stimulation of the dorsal tracts; the 
responding fibres can be traced up to the medulla. Conduction rate, which in 
the peripheral portion of the fibres is around 18 m/sec, falls to 4 m/sec 
immediately after their entry into the dorsal tracts; and to only about 

_ 2m/sec near the medulla (average values of ten experiments). Recordings 
from bigger nerves, containing other sensory fibres, or from forelimb nerves, 
show that in the frog a considerable number of afferent fibres reach the 
medulla, undergoing these changes in conduction rate along the central 
pathway. 
_ The initial and major drop in conduction rate is probably due to the 
reduction in diameter resulting from the division of the incoming fibres into 
ascending and descending branches, and collaterals near this level. The 
_ slowing of conduction at higher levels implies a further reduction in diameter 
_ at the upper regions. Along the descending branches of the afferent fibres of 
the forelimbs, a similar decrease in conduction rate is observed; these fibres 
enter through the III dorsal roots and can be traced as far down as the level 
of the VI root. 
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Visual responses in the brain-stem. By Marianye FILtenz. University 
Laboratory of Physiology, University of Oxford 

In 1934 Wang published the first of a series of papers on electrical recording of 
visual responses from the superior colliculus, lateral geniculate body and 
cortex, and in 1945 Apter showed that the collicular responses in the cat 
represented a projection of the retina on the surface of the superior colliculus. 
Whereas the above-mentioned responses consisted of waves, by using fine 
steel needle electrodes with a tip diameter of 10-20, it was possible to record 
single-unit responses from the superior colliculus of the goat (Cooper, Daniel & 
Whitteridge, 1953) and the colliculus, lateral geniculate body and optic 
cortex of the cat (Fillenz, M., unpublished). 

The collicular responses in the cat are fairly constant in pattern; they have 
a latency of about 40 msec and they show accurate localization. 

In cats under pentobarbitone anaesthesia visual responses in the midbrain 
are restricted to the upper layers of the superior colliculus. If, however, the 
animal is under light chloralose anaesthesia visual responses can be recorded 
from a very much wider area in the brain-stem. Because of the numerous 
intersecting pathways and the scattered cells in the brain-stem it is impossible 
at present to tell whether these responses all arise from a single structure, such 
as the tecto-spinal tract, or whether they arise from a number of different 
structures. 

The visual responses recorded from the reticular formation of the brain- 
stem have latencies varying over a wide range, the pattern of the response 
to a constant stimulus tends to be rather variable and the accurate localization 
of the collicular response is no longer found. These features fit in with the 
interpretation that the reticular responses come from neurones of a higher 
order than the collicular ones, and the former may in fact represent the next 
stage in the pathway concerned with the various reflexes in response to visual 
stimulation. The possibility however that some of these responses involve 
pathways going through the cortex cannot be excluded. 


REFERENCES 
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On microelectrodes for plotting currents in nervous tissue. By 
B. How.anp, J. Y. Lerrvin, W.S. McCutzocn, W. Prrrs and P. D. WALL. 
Massachusetts Institute of Technology, Cambridge, Mass., U.S.A. 

We have proposed that the general flow of external currents due to active fibres 

in the region of synapses are enough to explain transmission and inhibition. 

These currents and their histories may be computed from simultaneous 
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potential records at a fine lattice of points everywhere outside neurones. 
Their sources and sinks can be estimated by finite-difference approximations 
to the Laplacian of the potential distribution. We stimulated one dorsal root 
of a lumbar segment of cat spinal cord repeatedly and recorded seriatim from 
250 to 300 points in a transverse plane on one side. We treated the records as if 
simultaneous, as long as the output on the ventral root was unchanged. Great 
precautions are necessary to insure so great a constancy; it rarely happens. 
We neglected longitudinal changes in current, which are small compared to 
transverse ones, under our conditions, and probably proportional to them. The 
electrodes were introduced into the dorsum, advanced about 0-05 mm between 
records, and left in place at the bottom, after which the cord was fixed, 
cleared, and their exact positions determined. 

The probes were large enough not to be perturbed greatly by single elements 
nearby. They were made of 10, platinum wire, sheathed in glass 2-5 thick, 
cylindrical and smooth up to the tip, which is ground to a conical point. The 
shape reduces the distortion of potentials and positions by stress on tissue. 
The impedance of such electrodes varies nearly as a negative fractional power 
of the frequency, above 10 c/s. The noise in all bands is what is given by the 
real part of the impedance, without flicker noise. The reactance attenuates 
high frequencies seriously, if there is any appreciable grid-leak. The shape of 
the tip and the capacity of the insulated shank influence the record. 

_ We are finding distributions and progress of activity reconcilable with 
known anatomy, but have not yet succeeded in mapping the currents serving 
_ the monosynaptic reflex, or its facilitation and inhibition. 


The circulation in the chronically denervated forearm. By F. Durr 
and J. T. SHernerp. Department of Physiology, The Queen’s University 
of Belfast 

_ The forearm circulation has been studied by venous occlusion plethysmography 

_ in four men who had torn the brachial plexus of one arm 1-3 years previously. 

__ There was marked wasting of the forearms and hands. Sensation was absent 

below the elbow in one patient, and in the others was only present to a very 

~ slight degree. There was no evidence of damage to the main blood vessels. 

-’ When the forearm blood flow was measured at plethysmograph temperatures 

of 35, 38 and 43° C the total blood flow through the enclosed segment of the 

denervated forearm was initially very small, but it gradually increased for 

' $1 hr to a level often 2-3 times that through the corresponding segment of 

the normal forearm. The flow then usually decreased slightly, but in all 

experiments it was still well above the control side 2 hr from the commence- 
ment of the observations. In one patient there was no decrease in flow even 

after 4 hr immersion in water at 35° C. 
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When the high level of flow was reached at 43°C the circulation to both 
forearms was arrested for 5 min; the peak flows during the reactive hyperaemia 
following release of the circulation were determined. The peak flows obtained 
in the four patients were 307, 315, 184, 295 ml./min in the denervated forearms 
and 299, 300, 299, 404 ml./min in the corresponding normal forearms. The 
vessels in the denervated forearm are thus capable of a large dilatation. 

These responses should be kept in mind during the planning and interpretation 
_ of experiments on the circulation through the chronically denervated forearm. 


Vasodilatation following arterial gas embolism. By F. Durr, 
A. D. M. Greenrretp and R. F. Waetan. Department of Physiology, 
The Queen’s University of Belfast 

We have recently shown (1953) that injection of 1-10 ml, of oxygen, carbon 
dioxide, nitrous oxide, acetylene or cyclopropane into the brachial artery of 
human volunteers causes in the forearm and hand an increase in blood flow 
reaching a maximum of 2-5 times the resting level in 10-20 min, and persisting 
for an hour or more. The increase is usually preceded by a period of reduced 
flow, but any ‘blood debt’ so incurred is ‘paid off’ at least 20 times over 
during the subsequent prolonged dilatation. We have never failed to observe 
dilatation following any of the twenty-four arterial injections of gas so far 
made. 

Observations have now been made on two chronically sympathectomized 
arms and on three arms chronically denervated following brachial plexus 
injury. The responses to intra-arterial nitrous oxide appeared in each case to 
be of the usual size and duration though the resting flow through the 
denervated limbs was abnormally high (Duff & Shepherd, 1953). These 
observations suggest that the dilatation does not depend on sympathetic or 
somatic central or peripheral reflex pathways. 


REFERENCES 
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The localization of pulmonary stretch receptors in the cat. By 
J. G. Wippicomse. Nuffield Institute for Medical Research, University 
of Oxford 

The precise situation of pulmonary stretch receptors (Adrian, 1933) is not 

known. Weidmann, Berde & Bucher (1949) showed that, in the rabbit, many 

of them were paralysed by 2% procaine solution applied to the visceral 
pleura, and concluded that they were pleural stretch endings; but the depth 
of penetration of the drug into the lungs was not measured. | 
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Single nerve-fibre activity from pulmonary stretch receptors was recorded 
in cats. The receptors were localized in the lobes of the lung by pressure with 
probe; stripping the pleura over wide areas of the lobes containing the 
endings did not destroy the receptors. This eliminated the visceral pleura as 
the site of the pulmonary stretch receptors. 

In other cats the lungs were artificially ventilated at constant volume, while 
intratracheal pressure was recorded. Intravenous injection of drugs which 
changed the bronchial tone altered the response of the stretch receptors. 
Administration of acetylcholine (50-100 yg) caused a greater discharge of 
impulses for each constant volume inflation; the larger the increase in 
resistance to inflation, the greater the sensitization, and the time relationships 
of the two effects were parallel. Eserine (0-1 mg/kg) and histamine (100-500 yg) 
also sensitized the endings when there was an increase in bronchial tone. 
Adrenaline (50-200 yg) inhibited the discharges but only when it decreased 
the tone of the bronchial muscle. 

It seems unlikely that these drugs were acting directly upon the pulmonary 
stretch receptors, especially as the responses always ran parallel to the 
alterations in bronchial tone. Changes in the pulmonary vascular bed do not 
influence pulmonary stretch receptor activity (Biilbring & Whitteridge, 1945), 
so the results are not due to cardiovascular factors. The most likely explana- 
tion is that the receptors lie in the bronchi, bronchioles or smaller air passages, 
rather than in the alveolar walls. | 
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_ Receptor potentials in Pacinian corpuscles. By J..A. B. Gray and 
M. Sato. Department of Physiology, University College, London 

A potential, graded to a mechanical stimulus, was found in Pacinian corpuscles 
by Alvarez-Buylla & Ramirez de Arellano (1953). We have investigated this 
receptor potential with a technique already demonstrated to the Society; 
@ Pacinian corpuscle and the first few millimetres of its axon were dissected 
from the isolated mesentery of a cat and mounted with the first 0-25 mm of the 
axon in air, the corpuscle and the remainder of the preparation being in two 
pools of Locke’s solution at room temperature. The potential difference 
between the two pools was recorded and the corpuscle stimulated with 
& piezo-electric stimulator. There is evidence that potentials of one sign 
indicate activity at the non-myelinated terminal, those of the other, activity 
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at the first and subsequent nodes of Ranvier. The properties of corpuscles 
under these conditions were similar to those of corpuscles in the whole animal. 

Two phases were seen in the activity of the terminals, the receptor potentia! 
and an impulse; the latter could be abolished with a concentration of procaine 
which had little effect on the receptor potential. A long or short stimulus set 
up @ receptor potential which started without appreciable delay, rose rapidly 
and declined in a manner consistent with an exponential of time constant, 
1-7 msec (mean of 4, range 1-2-2-4 msec), The amplitude of the potential 
increased with increase of stimulus strength, except that below a certain 
value there was no response, and with large stimuli the potential reached 
a@ maximum. This maximum was, as recorded, about the same size as the 
maximum amplitude of the impulse. The maximum of the receptor potential 
may represent complete depolarization of the end of the axon. 


REFERENCE 
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The effects of acetylcholine on the pressor-receptors of the cat 


carotid sinus. By J. Diamonp. Department of Physiology, University 
College, London 


The effects of drugs have been studied on isolated carotid sinus preparations, 
kept in liquid paraffin or 0-9°% NaCl at 37° C. The preparations were perfused 
with oxygenated Krebs-Henseleit solution, and drugs were injected into the 
rubber inflow connexion. Impulses were recorded from the sinus nerve. In 
these preparations pressor-receptors responded to various constant pressures 
just as they did in blood-perfused sinuses in cats (cf. Landgren,’ 1952) for as 
long as 7 hr; activity from chemo-receptors was seen neither during asphyxia 
of the whole animal, immediately before removing the preparation from the 
circulation, nor when the perfusion flow was stopped for many minutes. 
Injections of acetylcholine or nicotine (0-5-1-0 ml. of 10-* g/ml. or stronger) 
produced an increased firing from active pressor-receptors and a discharge 
from some whose threshold was above the perfusion pressure used. This 
activity was not affected by the presence in the perfusing fluid of atropine 
10~* g/ml. ; direct effects of the acetylcholine on smooth muscle can therefore 
be discounted. These effects of acetylcholine were observed when recording 
from single fibres which were shown to come from pressor-receptors. 
Injections of hexamethonium or p-tubocurarine (0-5-1-2 ml. of 10-* g/ml.) 
prevented the response to acetylcholine or nicotine, but not that to potassium 
which still produced a discharge; after perfusing for a further 20-60 min the 
responses returned. These doses of hexamethonium and p-tubocurarine had 
no effect on the discharge produced by pressure. These results for the carotid 
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sinus pressor-receptors closely resemble those described by Brown & Gray 
(1948) and Douglas & Gray (1953) for mechanical receptors in cats’ skin, and 
in many respects resemble those described in the literature for the carotid 
body chemo-receptors. 
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The effect of carbon dioxide on the respiration of the hypoxic 
infant. By K. W. Cross, J. M. D. Hooper and Joserpuine M. Lorp. 
Paediatric Unit and Physiology Department, St Mary’s Hospital Monica 
School, London, W. 2 


Previous work (Cross & Oppé, 1952) has shown that while the infant responds 
to 15% O, in the inspired air by a temporary increase in minute volume of 
respiration, this response is not maintained. When 100% 0, is then given 
there is a marked diminution of minute volume, and it was suggested by them 
that the infant had an active chemoceptor reflex which became ineffective 
_ when anoxia was prolonged beyond 2 min, because the medulla had become 
jepressed. 

To test this hypothesis, it was decided to compare the effects of CO, in air 
with similar doses of CO, in the presence of hypoxia. A total of 241 experi- 
ments were performed in the body plethysmograph (Cross, 1949) with resting 
babies. Table 1 shows the details of the experiments performed. 


TaBLe | 
Expt. no. 
la Air+2% CO, in air—air 
1b Air-+15% +2% CO, in 
2a Air10 min 0-5% CO, in 
26 Air—10 min O, in N,~air 


In the first minute of 2% CO, administration it is found that there is 
_ & significantly greater stimulus in Exp. 16 than in 1a or in 1c. This result is 
similar to Shock & Soley (1942), who found that in adults there is a summation 
_ of the effects of anoxia with high CO, In the next 4 min excitation of 
_ respiration by 2% CO, tended to be greater when given with air than with 
_ 15% 0, in Ny, but these results are not statistically significant. 
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2% CO, after 5 min shows an approximately 50% imerease in minute 
volume in all three groups. Therefore it seemed likely that the original 
anoxaemia caused by 15% O, was not maintained at a low level. For this 
reason Expts. 2a, 2b and 2c were performed using 0-5 % CO, as a less powerful 
medullary stimulant. With 05% CO, in 15% O, it was found that after 
5 min administration the minute volume was significantly lower than when 
the babies were receiving 0-5% CO, in air, and it is concluded that this 
presents further evidence of medullary depression in the baby by mild anoxia. 
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The action of sodium succinate on respiration in the anaesthe- 
tized cat. By G. W. Campripce and J.H. Woistencrort. Department 
of Physiology, School of Medicine, Leeds 

It has been reported that sodium succinate acts as a respiratory stimulant 

(de Boer, 1946; Heymans & Jacob, 1947; Wyke & Cambridge, 1953). 

Cats anaesthetized with pentobarbital sodium (initial dose 45 mg/kg body 
weight) were used and a 30% w/v solution of sodium succinate hexahydrate, 
adjusted to pH 7-4, was injected intravenously in 5 ml. doses. Shortly after 
injection there was an initial expiration and also movements of the accessory 
muscles of respiration followed by an increase in the rate and depth of respira- 
tion lasting 3-5 min. The maximum ventilation volume after injection was 
about 2-3 times the initial volume, and the responses occurred at different 
levels of anaesthesia. At the same time there was a fall in arterial blood 
pressure. There was a relatively small increase in ventilation when a similar 
fall in blood pressure was produced by haemorrhage. 

The response to succinate has been compared with that obtained from the 
injection of other substances. Five ml. 9% NaCl, iso-osmotic with 30° sodium 
succinate, increased ventilation volume by about 30%; 5 ml. iso-osmotic 
glucose (50°) had either no effect or a smaller effect than 9% NaCl. Thus the 
response to sodium succinate is not due to the sodium ion or to a purely 
osmotic effect. 

Iso-molar sodium lactate (10%) and sodium pyruvate (10%), both adjusted 
to pH 7-4, had less effect than NaCl (9%), but iso-molar sodium fumarate 
(18%) had the same effect as succinate. ) 

Sodium citrate (2%) had a similar action to sodium succinate. 1-2 ml. of 
a 5% solution of the disodium salt of ethylene-diamine-tetra-acetic acid 
(EDTAA), which is known to form an un-ionized complex with calcium ion, 
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had o similar effect to succinate. Larger doses of EDTAA, Na citrate and 
Na succinate were fatal, the heart being stopped in diastole. The effects of 
these substances could be reduced or abolished by adding calcium chloride 
to the solutions prior to injection or by a previous injection of 1 % calcium 
chloride. This suggests that the action of these substances on respiration may 
be due to a reduction in the concentration of ionized calcium in the blood. 
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Adaptation to centrifugal acceleration. By B. H. C. Marruews. 

Physiologwal Laboratory, University of Cambridge 
The well-known effects of centrifugal acceleration on man and large animals 
spring from the disturbance of the circulation resulting from the hydrostatic 
pressure gradients set up. In addition, the hindrance to muscular movement 
in man is subjectively striking. 

In small animals, however, it is to be anticipated that the short hydrostatic 
columns will not lead to great circulatory disturbance. The effective increase 
_ of weight of body and limbs, however, remains. 

Rats have been reared under continual centrifugal acceleration giving 
a total of three times that of gravity. They thrive under these conditions and 
are able to perform normal locomotion; a functional derangement of the 
whole mechanism of antigravity tonus appears to take place to enable them 

to do so. 

_ The rats remain of below control weight and have lived for over a year and 
_ a half under these conditions. A few have been decerebrated and show striking 
extensor tonus. They also show some abnormal types of movement when 
placed under normal conditions. 

Growth in an environment where the normal ratio of mass to weight is 
altered by a factor of three shows that functional adaptation can occur within 
the nervous system to meet these conditions; this adaptation is achieved 
without great macroscopic distortion, but some microscopic changes seen are 

thought to relate to the changed environment. 
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Reflex contractions of the reticulum. By D. A. TrtcHEn. Physvological 

Laboratory, University of Cambridge | 
The characteristic diphasic contractions of the reticulum of the ruminant have 
been observed in decerebrate and anaesthetized animals after stimulation of 
the central end of one of the vagus nerves in the neck, and of the ventral 
abdominal vagus in the thorax or of its abomasal branches in the abdomen 
(Phillipson, 1939; Iggo, 1951). 

After decerebration under ether anaesthesia, contractions of the reticulum 
are present for about 30-90 min following laparotomy in goats, sheep and 
calves. They are less frequent in young animals and absent in decerebrate 
calves less than 2-3 weeks old. The reticulum contractions wane in a similar 
fashion in different preparations; those first recorded after the insertion of 
a balloon into the reticulum are larger and more frequent than the later 
which become successively smaller, less frequent and monophasic before they 
disappear. They may be inhibited by distension of the abomasum, or by 
excessive distension of the rumen. 

Contractions have been evoked, or when already present increased in force 
and frequency, or both, by stimulation of the central end of an abomasal or 
a reticulo-omasal branch of the ventral abdominal vagus nerve. In two 
experiments distension of the rumen has been an effective stimulus. These 
responses were abolished by atropine (0-4 mg/kg) injected intravenously, or 
by section of both abdominal vagus nerves. The majority of the motor nerve 
fibres of the vagus to the reticulum are in the dorsal abdominal vagus nerve. 

Reflex contractions of the reticulum have been stimulated by a reduction 
in the pH of the abomasal contents to about 0-9-1-0 by the introduction of 
HCl or H,S0, into the abomasum. A series of contractions, stimulated by 
introduced acid, gradually lessen in force and frequency as the pH of the 
abomasal contents increases. The degree of acidity required is greater than 
that of the usual mixed abomasal contents but about that of samples of 
secretion collected from pouches of the abomasum of the sheep (Masson & 
Phillipson, 1952) and also that of the acid secreted in the stomach of other 
species (Hollander, 1934). 

It appears that reflex contractions of the reticulum may result from the 


sum of the sensory stimuli from the abomasum, rumen and the reticulum 
itself, and also probably the omasum. 


The expenses of this work have been met in part by a grant from the Agricultural Research 
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Antidiuretic activity of human urine after stimulation of the 
) supraoptico-hypophysial system. By V. D. Eisen and A. A. G. 
Lewis. Departments of Pharmacology and Medicine, The Middlesex 
Hospital Medical School, London, W.1 and the Buckston Browne Research 
Farm, Downe, Kent 


Bix hydrated healthy males smoked until severe malaise (and occasionally 
vomiting) ensued. The combination of nicotine and emotional disturbance 
constituted a powerful stimulus to the supraoptico-hypophysial system 
(Chalmers & Lewis, 1951), prolonged antidiuresis being observed. Urine was 
passed before smoking and between 15 and 60 min afterwards. The urine was 
filtered and its antidiuretic activity estimated by intravenous administration 
to rats and a diabetes insipidus dog. 

The method of Jeffers, Livezey & Austin (1942) was modified by the 
insertion of an indwelling needle into a tail vein of the rat. This needle was 
used for all injections and to maintain the water load by giving fluid at a 
constant rate. The composition of the fluid was: 20 ml. Ringer-Locke solution 
and 4 g dextrose in 100 ml. distilled water. 

A trained greyhound bitch in which diabetes insipidus had been established 
by section of the supraoptico-hypophysial tracts (kindly operated on by 
Dr Mary Pickford) was also used. 

The antidiuretic activity of the urines was very similar in both animal 


a species when compared with that of ‘ Pitressin’, and was found to be of the 


order of 0-2-2-0 mU/ml. 

Diuretic urines were inactive in vel corresponding to antidiuretic 
urines in excretion time. 

Antidiuretic activity could also be detected in human urine after the intra- 
venous injection of 100-500 mU ‘Pitressin’, being equivalent to less than 
0-6 mU/ml. 
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The electrical activity of embryonic nerves. By J. pet CasTILLo 
and A. D. Vizoso. Departments of Physiology and Anatomy, University 
College, London 

It has often been questioned whether impulses can be initiated and conducted 

in somatic nerves during the earlier stages of embryonic development, when 

the myelin sheaths which later surround the axons are still absent. Direct 
information on this problem has been obtained by studying the electrical 


activity of the sciatic nerve of chick embryos. 
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Propagated action potentials have been recorded, on nerve stimulation, in 
nerves of embryos from the 9th day of incubation (stage 35 of Hamburger & 
Hamilton, 1951). Histological analysis of these nerves with the techniques 
of Weigert and osmic tetraoxide revealed no myelin sheaths. It is likely that 
the onset of electrical activity takes place at an even earlier stage, although it 
could not be demonstrated because the nerves were too small to handle. 
A few medullated fibres were first observed in the sciatic nerve during the 
15th day of incubation. 

The conduction rate was determined by recording the action potentials at 
two different distances from the stimulating electrodes. It was about 
15-20 cm/sec during the 10th day of incubation, increasing to about 4 m/sec 
at hatching (room temperature). 
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Observations in support of Bayliss’s hypothesis on reflex anti- 
dromic vasodilatation. By Pameta Hotton 


The light minimum required to elicit the accommodation reflex 
in man. By F. W. Campsett. Nuffield Laboratory of Ophthalmology, 
University of Oxford 

Changes in curvature of the anterior lens surface have been recorded objectively 

by photographing the Purkinje-Sanson images using an electronic flash tube 

as the light source. Accommodation was stimulated by placing negative 
spherical lenses before the eye while viewing a disk of light of known area and 
luminance. The minimum luminance required before accommodation occurred 
was determined for various areas of disk. The subjects were dark-adapted for 

20 min, and convergence clues were eliminated by presenting the test object 

monocularly. 

It was found in three subjects that for circular stimuli subtending from 
0-5’ to 10’ the product of area and luminance was a constant (Ricco’s Law). 
That is, within this range of visual angle, the factor determining the light 
minimum for the accommodation reflex is the total light energy of the stimulus. 
The results obtained with larger test objects subtending from 10’ to 1-5° 
deviate from this law. Relatively more light energy is required to elicit the 
reflex at these greater angles. 

Further experiments have shown that for a given size of test object the 
light minimum required to elicit the accommodation reflex is only 0-25 log 
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_ units greater than the foveal threshold for visibility. It may be concluded that 


the receptors involved in the accommodation reflex are the foveal cones. 
Fincham (1951) has suggested that changes in light vergence may be 
detected at the retina either by recognition of the colour fringes due to 
chromatic aberration or by recognition of the brightness difference produced 
by the retinal direction effect across the out-of-focus image. It is difficult to 
accept that the foveal cones can differentiate these colour fringes or this 
brightness difference only 0-25 log unit above the threshold for visibility. 


REFERENCE 
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_ The density of visual purple in the rods of the dark-adapted frog. 


By E. J. Denton and J. H. Wy. 


Some observations upon the green-coloured rods of the frog. 
By E. J. Denton 


The measurement of the brightness of small fields by the central 
fovea. By E. N. Witmer 


Vascular responses to temperature in the denervated isolated 
rabbit ear. By I. D. Fercuson and N. Levinson. Institute of Physio- 
logy, University of Glasgow 

Unilateral denervation of the blood vessels of the rabbit ear was carried out, 

under general anaesthesia, by extirpation of the superior cervical ganglion and 

excision of 1 cm length of each of the ventral and dorsal auricular nerves 


. (Feldberg, 1926). All experiments were carried out 21-24 days later. By the 


use of methylene blue, it was demonstrated histologically that, while motor 
end-plates were present in the auricular muscles of both denervated and 
innervated ears, there was a complete absence of nerves to the blood vessels 
in denervated preparations. 

The technique for perfusion of the isolated rabbit ear was that previously 
described (Ferguson & Levinson, 1952a). In innervated ears the rate of 
inflow was more rapid when the temperature of the perfusion fluid was 16° C 
than when it was 38° C (Ferguson & Levinson, 19526). In the denervated 
ears, with the fluid either at 16 or 38° C, after a fluctuation in inflow during the 
c2 
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first 30 min, there was little difference in the rates of inflow at either constant 
temperature, both being approximately midway between the extremes of 
inflow characteristic of the innervated preparations. Inflow responses to rapid 
alterations in fluid temperature from 38 to 16°C or vice versa were more 
delayed and less marked in the denervated ears. 

Oedema developed more rapidly in the denervated ears both at 16 and at 
38° C, but the pattern of the development of the oedema at either temperature 
was not affected by denervation. In addition, alterations in the rate of change 
in oedema formation in response to rapid alterations in fluid temperature were 
similar in denervated and innervated preparations. 

It is concluded that in the denervated isolated ear there was a diminished 
response of the larger vessels to differences in temperature of the perfusion 
fluid. Denervation also resulted in an increased capillary permeability. 

We are indebted to the Rankin Research Fund of the University of Glasgow for a grant to 
cover expenses. 
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Sinusal and non-sinusal spleens. By H.8. D. Garven. Institute of 
Physiology, University of Glasgow 
Mollier (1911) described the detailed structure of the splenic venous sinuses 
in some animals and in man. He demonstrated the highly developed form of 
the human venous sinus wall with annular reticular fibres externally and long 
fusiform cells internally. Snook (1950) divided the mammalian spleens into 
those with-a small number of primordial veins with unspecialized walls— 
the non-sinusal spleens, and those with very extensive venous sinuses with well 
developed ‘hoop and stave’ walls—the sinusal spleens. He gave the mouse, 


mole, cat, horse, cow, pig, weasel, and bat as non-sinusal and the rat, guinea- . 


pig, rabbit, dog and man as sinusal. Such a distinction has significance in the 
interpretation of splenic circulation and function. 

Accurate drawings have been made from sections of perfused spleens which 
were fixed in the normal distended state. Representative areas of the red 
pulp were taken and the respective areas of the component parts estimated. 
Areas of trabeculae and white pulp were excluded. 

Table 1 shows that the proportion of primordial veins to red pulp reticulum 
in the non-sinusal types (cat and pig) is smaller than that of the sinuses to red 
pulp reticulum in the sinusal types (rat, guinea-pig, rabbit, dog and man). 
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TaBLE 1. Approximate percentage areas of different components in sections of the 
red pulp of the spleen in distended state 


(1) (2) 
Ellipeoids and Primordial veins Red 
Animal venous (1) to (2) 
Non-sinusal spleens 
Pig 10 4 86 1/21 
Cat 6 93 
Sinusal spleens 
Rat 0 20 80 
Dog 32 1/2 
0 58 if 
Rabbit 0 44 56 A 


In these calculations the single smooth muscle fibres in the red pulp-reti- - 
culum in the pig have been ignored. 


of Prof. C. F. W. Illingworth. 
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The relationship of arterial pressure to age in a sample of the 
general population. By M. Hammon, G. W. Picxerine, J. A. 
Fraser Roperts and G. 8. C. Sowry 


The patency of the ductus arteriosus after birth. By G. 8. Dawszs, 
Exeanor D. F. Mine, Joan C. Morr and J. G. Wippicomse. Nuffield 
Institute for Medical Research, University of Oxford 

In anaesthetized lambs, delivered by caesarian section, it has already been 

shown that the fall of pulmonary vascular resistance on beginning ventilation 

causes a reversal of the direction of blood flow through the ductus arteriosus; 
blood then flows from aorta to pulmonary trunk (Dawes, Mott, Widdicombe & 

Wyatt, 1953). In lambs recently delivered under local anaesthesia, and 

breathing spontaneously, it has now been shown that the same changes occur: 

(1) Cineangiograms showed that thorium dioxide, injected by a catheter 
into the aortic arch, appeared simultaneously in the lungs and the descending 
aorta. 

(2) A cardiac murmur appeared within 5-15 min of delivery over the ductus 
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(3) When the chest was opened under general anaesthesia and artificial 
ventilation some hours after delivery, a murmur and thrill were observed in 
the pulmonary trunk. Determinations of oxygen saturation and of the changes 
in blood pressure on occlusion of the ductus arteriosus showed that it was still 

tent. 

These observations show that for several hours after birth a proportion of 
the blood flowing through the lungs is derived from the aorta. Under these 
circumstances occlusion of the ductus arteriosus causes a diminution of the 
oxygen saturation of the carotid blood. 


REFERENCE 
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The closure of the foramen ovale after birth. By G. 8. Dawzs, 
Exzanor D. F. Mine, Joan C. Morr and J. G. Wippicomsg. Nuffield 
Institute for Medical Research, University of Oxford 


In anaesthetized lambs delivered by caesarian section, before ventilation is 
begun a proportion of the inferior vena caval blood flows through the foramen 
ovale to the left atrium. The lateral pressure in the inferior vena cava just 
above the diaphragm is sometimes as much as 1-5 cm water higher than that 
in the left atrium. Temporary interruption of the circulation through the 
umbilical cord causes a fall of both pressures; sometimes the pressure in the 
inferior vena cava falls below that in the left atrium. 

Ventilation of the lungs causes a great increase in the quantity of blood 
flowing through them (Dawes, Mott, Widdicombe & Wyatt, 1953). Conse- 
quently the left atrial pressure rises above that in the inferior cava, even 
though the umbilical cord has not yet been tied; this usually happens within 
1-3 min. 

The closure of the valve of the foramen ovale is therefore normally caused 
both by the cessation of the placental circulation (returning to the inferior 
vena cava), and by the increase in the quantity of blood flowing through the 
lungs on ventilation. The pressure in the left atrium rises above that in the 


inferior vena cava, and the shapes of the pulse pressure waves in the two 
cavities become different. 
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The acid-base changes in arterial blood during adrenaline 
hyperpnoea in man. By R. D. Brap.ey, P. W. W. 
G. pg J. Lez and I. Maurgen Youne. Sherrington School of Physiology, 
St Thomas’s Hospital, London, S.E. | 

The stimulation of respiration in man by intravenous adrenaline does not 

appear to be associated with the accompanying increase in metabolic rate, 


_ for noradrenaline in equivalent doses produces a similar stimulation of 


respiration in the absence of any increased metabolism (Reale, Kappert, 
Skoglund & Sutton, 1950; Whelan & Young, 1953). The present experiments 
were undertaken to determine whether metabolic changes, too small to be 
detected by oxygen consumption studies but large enough to increase the 
hydrogen ion concentration of the blood, could be responsible for the stimula- 
tion of respiration by adrenaline. 

Adrenaline was infused at the rate of 20 »g/min for 10 min in seven human 
subjects; arterial blood was sampled before, during and after the infusion 
from a Cournand needle indwelling in the brachial artery. The changes in 
acid-base chemistry of the arterial blood were similar in all the subjects and 
related to the pattern of respiratory stimulation; this was characterized by 
the abrupt onset of the hyperpnoea about 1 min after the beginning of the 
infusion and the gradual diminution of the response throughout the infusion 
period, especially after the fifth minute. There was no lowering of the arterial 
plasma pH at any time, but during the first 5 min of the infusion period the 
pH was elevated by 0-03-0-06 unit; the total carbon dioxide content of the 
plasma fell 1-2 m.equiv/l. and the calculated tension of carbon dioxide was 
smaller than the resting value by 1-7 mm Hg. During the second half of the 
infusion these values approached their resting levels again. 

In two of the subjects the carbon dioxide combining capacity of the plasma 
was unaltered throughout the infusion period. In the remainder it either rose 
or fell, between the limits +4 to —2m.equiv/l. from the resting values, 
during the first 5 min of the infusion. In these subjects the carbon dioxide 
combining capacity was 0-5-4 m.equiv/I. lower than the control values during 
the second half of the infusion period and had not returned to the resting level 
three minutes after the end of the infusion. 

The respiratory stimulation by adrenaline could not therefore have been 
initiated by the production of acid metabolites, for there was no decrease in 
plasma pH at any time. During the period of maximum decrease in plasma 
carbon dioxide combining capacity respiratory stimulation had ceased. 


A., Kappert, A., Skoglund, C. & Sutton, G. C. (1950). Acta physiol. scand. 20, 153. 
Whelan, R. F. & Young, I. M. (1953). Brit. J. Pharmacol. 8, 98. 
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The effect of oestrone and of insulin on the metabolism of isolated 
rat uterus. By Leonora Horxinson and Marcaret Karty. Depart- 
ment of Biochemistry, University College, London : 

It is well established that the addition of insulin in vitro increases the glucose 

uptake of rat diaphragm, and similar findings have been reported for prepara- 

tions of rat and mouse intestine. The present report describes the effect of 
injected oestrone and of added insulin on the metabolism of isolated uterus 
preparations from ovariectomized rats. 

- Rats were used for experiments 3-8 weeks after bilateral ovariectomy ; those 
animals to be used for the study of oestrone effects were injected sub- 
cutaneously with 20 yg oestrone dissolved in alcohol diluted with an equal 
volume of saline. The uteri were dissected out under nembutal anasthesia 
and one horn was incubated for 2 hr at 37° C. in 0-4 ml. saline buffer con- 
taining 2-6 mg/ml. glucose, the other horn was treated in 4 similar manner, 
except that the incubation medium contained 50 pg/ml. insulin. At the end 
of the incubation period glucose and lactic acid were estimated in the medium. 

Uterus from uninjected rats utilized 1-42 mg/g/hr glucose and produced 

3-18 mg/g/hr lactic acid, indicating a high rate of aerobic glycolysis, at least 

in part from preformed carbohydrate. Addition of insulin increased the 

glucose utilization to 2-1 mg/g/hr but decreased the lactic acid production to 

2-77 mg/g/hr. After injection of oestrone, at 24 hr there was a small (not 

significant) rise in glucose utilization and a fall in lactic acid production 

(2-11 mg/g/hr); in both cases the effect of added insulin was no longer observed. 

At 36 hr after injection glucose uptake had fallen below the value for that 

observed for uninjected rats (0°77 mg/g/hr) and lactic acid production had 

fallen still further (1-67 mg/g/hr). There was some indication of a return of 
the insulin effect on glucose utilization, but the increases in uptake observed 
with insulin were not statistically significant. Our results for the effect of 

oestrone injection contrast with those of Walaas, Walaas & Léken (1952), 

who report increases in both glucose uptake and lactic acid production after 

injection of oestradiol benzoate, but these workers used uterine muscle only. 


REFERENCE 
Walaas, O., Walaas, E. & Léken, F. (1952). Acta endocr., Copenhagen, 10, 201. 


A folic acid derivative functioning during cell division. By 
W. Jacosson (Sir Halley Stewart Research Fellow). The Strangeways 
Research Laboratory, Cambridge 

When cells are exposed to the action of folic acid antagonists they are arrested 

in the metaphase stage of division and cannot proceed into anaphase. The 

chromosomes are formed in the ordinary way at the beginning of mitosis but 
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fail to split. This was shown on normal and leukaemic bone-marrow cells of 
the human and mouse, and on the intestinal epithelium of the mouse. It was 
also observed in a variety of cells grown in vitro; chick embryo fibroblasts and 
osteoblasts with their numerous mitotic divisions provided a very useful test 
material. The action of folic acid antagonists, like the 4-amino folic acid 
(aminopterin), is almost instantaneous, The inhibitory action of aminopterin 
can be completely prevented by the simultaneous application of the Leuco- 
nostoc Citrovorum Factor (LCF), a 5-formy!l-5, 6, 7, 8-tetrahydro derivative of 
folic acid. This was shown on cells growing in vitro. Folic acid itself is unable 
to counteract the aminopterin effect when applied directly to the cells. 

The following conclusions may be drawn from this: 

(1) A folic acid derivative (LCF), but not folic acid, is replaced by the 
so-called folic acid antagonists. 

(2) The function of the LCF is essential for the splitting and separation of 
the chromosomes. 

The cells used were unable to convert folic acid into LCF, as treating them 
with folic acid 1 hr prior to the application of aminopterin does not protect 
them from the full inhibitory effect of the antagonist. As aminopterin 
inhibits dividing cells of a type which cannot convert folic acid to LCF, the 
primary action of the inhibitor appears to be to displace the LCF within the 
cells, and not to block the conversion of folic acid to LCF. 

The technique of direct application of the test substances to cells made it 
possible to determine the amount of LCF required to prevent the action of 
the inhibitor (aminopterin) at a given concentration. As this relationship is 
not a linear one, it may be assumed that the LCF is not present in a free form 
within the dividing cells. 

It is of interest that in the presence of aminopterin (1) the chromosomes 
form normally during prophase and (2) the appearance of ribonucleoprotein 
on the chromosomes towards the end of prophase is not disturbed. However, 


_ the transfer of ribonucleoprotein from the chromosomes into the cytoplasm; 


@ process normally concurrent with the anaphase separation of the chromo- 
somes (Jacobson & Webb, 1952a, 5), cannot take place when the LCF is 
replaced by folic acid antagonists (Jacobson, 1952). 

Some types of normal cells and mouse leukaemic cells were found to overcome 
the initial inhibition by a slow conversion of the antagonist into an inactive 
compound. Thus if such cells are examined 18-24 hr after treatment, they 
may give the impression of being ‘resistant’ to the action of the folic acid 
antagonist. 

REFERENCES 
Jacobson, W. (1952). J. Path. Bact. 64, 245. 


Jacobson, W. & Webb, M. (19524). Endeavour, 11, no. 44. 
Jacobson, W. & Webb, M. (1952). Exp. Cell. Res. 3, 163. 
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Sodium chloride and the response of smooth muscle. By R. J. 8. 
McDowaxt and A. A. I. Sonman. King’s College, London 


It is well known that after a large dose of histamine has been applied to the 
isolated uterus in a bath the muscle becomes insensitive or much less sensitive 
to doses which previously produced a contraction and remains so for some time. 
If such an experiment is carried out in Krebs solution, and if, during the period 
of reduced sensitivity, the sodium in the solution is reduced to half, osmotic 
pressure being maintained by sucrose, the sensitivity rapidly returns, but is 
reduced again if the sodium in the solution is increased to normal. Increasing 
the potassium produces similar effects also (Hastman & Cantoni, 1946). 
Similar results have been obtained in a uterus rendered anaphylactic to egg 
albumin. If the preparation is placed in a solution containing low sodium the 
classical tachyphylaxis, or insensitivity (Dale, 1913), passes off and the 
preparation responds to a subsequent application of egg albumin. We 
have, however, not been able to obtain constant results with anaphylactic 
preparations. 

It is also found that the duration of the response to histamine is markedly 
increased by reducing the sodium chloride in Krebs solution while main- 
taining the osmotic pressure with sucrose. 

It is suggested that in normal Krebs solution smooth muscle like cardiac 
muscle (McDowall & Zayat, 1953), takes up sodium during contraction, and 
this is, at least in part, responsible for the insensitivity, and that the reduction 
of the sodium in the bath makes it easier for the muscle to extrude sodium. 


REFERENCES 
Dale, H. H. (1913). J. Pharmacol. 4, 167. 
Eastman, G. & Cantoni, G. L. (1946). J. Pharmacol. 87, 392. 
_ ‘MeDowail, R. J. 8. & Zayat, A. F. (1953). J. Physiol. 120, 13P. 


The effect of insulin on the adrenergic amines of blood. By 
H. Wet-MatHerse. Runwell Hospital, Wickford, Essex 


A fluorimetric method for the estimation of adrenaline and noradrenaline in 
blood (Weil-Malherbe & Bone, 1953) has been applied to study the effect of 
insulin on their levels in the plasma and red cells of human venous blood. The 
intravenous injection of insulin (0-1 unit/kg) in fasting subjects is followed by 
an immediate drop of the level of adrenergic amines in plasma which precedes 
the fall of the blood sugar. Similarly, in the recovery period, the return of the 
level of adrenergic amines to the norm precedes the rise of the blood-sugar 
curve. With larger doses of insulin the effect is prolonged, but not increased 
in intensity. Interruption of hypoglycaemia by oral or intravenous glucose, 
or by other means, is followed by a return of the plasma adrenergic amines to 
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or above the normal level. In comatose subjects the peak of the curve 


coincides with the return of consciousness. 

The changes in the plasma level of adrenergic amines are entirely, or 
almost entirely, accounted for by changes of the adrenaline concentration. 
Plasma noradrenaline may remain unchanged, or it may vary like adrenaline, 


but less extensively on a relative scale. 


The concentration changes of adrenaline and noradrenaline in ad blood 


; cells do not show any very characteristic pattern after insulin injection. In 


4 J 


most cases there is a slow and moderate decrease of concentration of both 
amines, especially when large doses of insulin were used. 

The arterial level of adrenergic amines is decreased to a higher extent than 
the venous level, following an intravenous insulin injection. The arteriovenous 
difference therefore shrinks, as the mean adrenaline level falls. 


REFERENCE 
Weil-Malherbe, H. & Bone, A. D. (1953). Lancet, i, 974. 


Evidence for a non-specific mechanism of habituation. By 


KE. M. Guaser and G. C. Warrrow. Department of Physiology, University 
of Malaya, Singapore 

A previous investigation (Glaser, 1953) provided evidence that experimental 
procedures, such as filling in questionnaires or taking tablets, can give rise to 
apparent responses in man. When the experimental procedures were repeated 
at intervals of 7 days, the responses progressively diminished, and this 
resembled habituation to drugs or to motion sickness observed in the same 
investigation or in a previous experiment. The evidence also suggested that 
responses varied according to the subjects’ interest in the experiment, and 

this was again borne out by previous observations on motion sickness. 
Further experiments have been carried out to disprove or confirm the above 
findings. At first 308 students were tested in four different groups, three of 
which were tested in Singapore and one of which was tested in Belfast by 
Prof. A. D. M. Greenfield. Carefully designed questionnaires were given to all 
these students and in each group 68-94% of the subjects recorded at least 
one symptom. The most frequent symptoms were tiredness, dryness of the 
mouth, headache and inability to think clearly. One hundred and forty of 
these students were then given questionnaires repeatedly at intervals of 
2-5 days, and the incidence of symptoms decreased by about 20% until the 
third test, after which it remained at a steady level even if different dummy 
tablets were given in turn. The subjects were then given a drug in a form that 
was indistinguishable from the dummies taken in the previous test, and nearly 
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all subjects had unpleasant symptoms after taking the drug. This appears to 
have had an inhibiting effect on whatever habituation may have been 
acquired, because in the following test (when dummies were given again) 
more symptoms were recorded than before the drug had been taken. In the 
second test after taking the drug, however, the incidence of symptoms was 
again the same as it had been before the drug was issued. The results were 
statistically significant. 

No satisfactory explanation is available for the high incidence of symptoms 
in initial tests. The experiments are compatible, however, with the hypothesis 
that there is a non-specific reversible mechanism, possibly of cerebral origin, 
which superimposes a distinct pattern on all kinds of habituation. 


REFERENCE 
Glaser, E. M. (1953). Brit. J. Pharmacol. 8, 187. 


Measurement of capillary filtration rate in the human forearm. 
By A. H. Krronay. Sherrington School of Physiology, St Thomas’s 
Hospital Medical School 

The rate of formation of tissue fluid in the human forearm when the venous 

pressure is raised to a known level may be measured by means of the pressure 

plethysmograph (Krogh, Landis & Turner, 1932; Landis & Gibbon, 1933). 

The technique depends on the measurement of the volume of the forearm 

enclosed within the plethysmograph when subjected to external pressure suf- 

ficient to collapse the arteries, veins and capillaries. This ‘reduced arm volume’ 
is read before and after a period of venous congestion of the arm by the 
application of a cuff on the upper arm inflated to a standard pressure 

(40 mm Hg). The method has been modified somewhat to give better tem- 

perature control and immobilization of the hand, and to allow blood-flow 

measurements to be made by venous occlusion plethysmography during the 
experiment. 

The effect on ‘reduced arm volume’ measurements of variations in the 
vascular state of the limb has been studied. Reactive hyperaemia and brief 
venous congestion do not affect the measurement, while repeated applications 
of pressure cause a steady fall. 

Rhythmic contraction of the forearm muscles always resulted in a marked 
increase in the non-vascular volume of the forearm, whether or not the 
venous pressure was simultaneously raised by application of an upper arm 
cuff at 40 mm Hg. 

Local heating of the arm to 42°C approximately doubled the rate of 
formation of oedema, compared with measurements at 34° C, 
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The effect of release of vasomotor tone was studied by indirect heating and 
by deep nerve block. In both cases an increase of about 120% in the forearm 
blood flow was produced. The rate of oedema formation, however, was found 
to be slightly diminished in these circumstances. : 

These findings appear to accord with the reported clearance rates of radio- 
sodium injected into skeletal muscle (Kety, 1949; McGirr, 1952; Rapaport et al. 
1952). 

REFERENCES 
Kety, 8. 8. (1949). Amer. Heart J. 38, 321. 
Krogh, A., Landis, E. M. & Turner, A. H. (1932). J. clin. Invest. 11, 63. 


Landis, E. M. & Gibbon, J. H. (1933). J. clin. Invest. 12, 105. 
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_ The effects of temperature and of p-chloromercuribenzoic acid 


on the reaction Hb,O,= Hb,O, + O, in solutions of sheep blood. 

By Q. H. Grsson and F. J. W. Roveuton. Departments of Physiology, 

Unwersity of Sheffield, and Colloid Science, University of Cambridge 
Gibson & Roughton (1952) have previously shown that the value of k,, the 
velocity constant for the dissociation of the first oxygen molecule from the 
fully saturated haemoglobin molecule, may be obtained from observation of 


the rate of the reaction 
HbO, +CO-—>HbCO + O,. 


This work has now been extended to include the effects of temperature and 
of pH on &,, yielding an average value of 27 at 19° and pH 9-1, with a tem- 
perature coefficient of 3-0 per 10° temperature rise. Changing the pH to 7-1 
did not produce any significant increase in k, at 19°, but did increase the 
temperature coefficient to 3-3 per 10°. 

Riggs (1952) has shown that the addition of the sulphydryl-group reagent 
p-chloromercuribenzoate affects markedly the form of the oxygen dissociation 
curve of human haemoglobin, rendering it less strongly inflected. This reagent, 
at a concentration of 6 x 10~* m increases k, from 27 to 70 at 19° and pH 9-1. 
The temperature coefficient is decreased from 3-0 to 2-2 per 10° temperature 
rise. The effects may be reversed substantially by the addition of 10-* m-gluta- 
thione. The initial velocity of deoxygenation of haemoglobin in the presence 
of hydrosulphite is also increased some two-fold by p-chloromercuribenzoate. 
Our work is being extended to solutions of human blood. 

The velocity constant, kj, of the reaction Hb,O,+0, > Hb,O,, can be 
calculated from k, and K,, the equilibrium constant of the reaction. The 
temperature coefficient, Q,,, of kj has a normal value of about 2-0, whereas 
the Q,, of ki, the velocity constant of the reaction Hb, +0,—> Hb,Oyj, is only 
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about 1-05, in confirmation of earlier work. The Q,'s of 4; and ), the 
corresponding CO velocity constants, are both about 2. 

We have recently measured more accurately than heretofore the overall 
rate of combination of CO with haemoglobin. A procedure has been 
developed, with Dr A. Klug’s help, for fitting the observed curves in terms 
of the four intermediate velocity constants, 4, 1,, 4 and %. In three 
different blood samples, the experimental and calculated reaction curves 

throughout to within less than experimental error (0-5 % saturation). 
li, ly and Uj are all of similar magnitude, but /, is about 20 times greater. 
The values of the constants in any one sample are probably correct to about 
10% of themselves, but the variations from sample to sample are considerably 
greater. 
REFERENCES 
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Substances with vasoconstrictor action in rabbit plasma. By 
J. A. Houeats. Department of Physiology, School of Medicine, Leeds 


Using an apparatus for perfusion under cou:zoiled conditions previously 
demonstrated to the Society (Holgate, 1949), the rabbit ear has been used us 
an assay preparation for vasoconstrictor substances appearing in plasma 
obtained from rabbit blood. Both heparin-plasma and citrate-plasma have 
been investigated. 

(1) Plasma obtained from heparinized rabbit blood (10 i.u./ml.) centrifuged 
at 900g for 2hr in glass tubes when assayed against histamine acid 
phosphate on the ear gave values ranging from 3-0 to 20 ug histamine base/ml. 
plasma (n=8). These figures are high when compared with those quoted by 
Code (1952). After the addition of mepyramine maleate to the perfusion fluid 
the action of equivalent doses of histamine acid phosphate was completely 
abolished, but the activity of the plasma was only slightly reduced. 

(2) Plasma obtained from citrated rabbit blood (1 ml. 38% sodium 
citrate/10 ml. blood) prepared in an identical manner revealed a constrictor 
activity equivalent to approximately 0-1-0-5 ug histamine base/ml. of plasma 
(n=6), and this activity disappeared almost completely in the presence of 
mepyramine. 

(3) In the presence of mepyramine the remaining activity of heparin- 
plasma assayed against 5-hydroxytryptamine creatinine sulphate gave a value 
approximately 0-6 ug/ml. of plasma. 

. The possible presence of hydroxytryptamine in heparinized blood but not 
in citrated blood following antigen-antibody reaction has been previously 
reported by Humphrey & Jaques (1952). 
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_ The infused living cat. By F. Howarrs 


Total expenditure of energy by adult non-pregnant female rats. 

By 8. D. Morrison. Institute of Physiology, University of Glasgow 
The total 24 hr energy expenditure of eight adult female hooded rats of 
100-250 g body weight was measured for sixteen periods, each of from 2 to 
5 days. The energy expenditure was measured by closed-circuit respiration 
calorimetry, using a modification of the apparatus described by Dewar & 
Newton (1948). During the periods of study the rat’s living space, although 
restricted, permitted nearly normal activity, and free access was allowed to 
a stock diet. 
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Fig. 1. Line T-T is total metabolic rate, line B-B is basal metabolic rate. 
T ~ and By are total and basal rates at body weight W. 
The expenditure of energy varied linearly with rH weight over the range 
studied, according to the equation 
E=(12-54 + 1-80) +(0- 121 +0-01) W, 
where F is energy in kcal and W is body weight in g. The line to this equation 
is shown in Fig. 1. 
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Benedict (1938) found a linear relationship between body weight and ‘basal’ 
metabolic rate of albino rats. His line defining this relation of basal energy 
expenditure and body weight is also given in Fig. 1. The slopes and locations 
of these two lines are such that the ratio of total expenditure, under the 
conditions described above, to the expenditure found by Benedict under basal 
conditions is, over the relevant range of body weight, essentially constant at 
1:8. That is, under the conditions of the present experiment, although the 
excess of total over basal metabolism increases absolutely with body weight, 
this excess, as a fraction of the basal expenditure is independent of body 
weight. 
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The part played by changes in arterial p-CO, in the production 
of hyperpnoea in heavy exercise. By R. G. Bannister, D. J. C. 
CunnineuaM and C. G. Dovetas. University Laboratory of Physiology, 
University of Oxford 

Four subjects performed exercise of varying intensity on a motor-driven 
treadmill. Alveolar air samples were collected by the method of Rahn & Otis 
(1949), as it seems that these samples probably give a reasonable indication of 
the changes which occur in the arterial CO, tension (Bannister, Cunningham & 
Douglas, 1953, in preparation). The observed rise in alveolar p-CO, above 
the normal resting level was, of course, quite insufficient to explain of itself 
the pulmonary ventilation in exercise. There are three possible explanations 
for this: (1) CO, was not a major factor in the exercise hyperpnoea, as many 
have suggested (e.g. Comroe, 1944), (2) the sensitivity of the respiratory 
centre to changes of alveolar p-CO, (i.e. the response per unit change of 
stimulus) was increased several fold, (3) the threshold of the respiratory 
centre to CO, (i.e. the level of the alveolar p-CO, during natural quiet 
breathing) was lowered. 

There is a simple way of investigating the third possibility. The alveolar 
p-CO, was followed after the exercise in all experiments and minimum values 
of 30-35 mm Hg were recorded. This depression is caused by the persistence 
of some degree of hyperpnoea for some time afterwards, probably as a result 
of the influence of the excess lactate and the higher body temperature which 
developed during the work. The threshold of the respiratory centre to the 
CO, stimulus has fallen below the normal level because other stimuli, which 
must be even greater during the exercise, are operative in addition. In 
experiments designed to test this hypothesis, enough CO, was added to the 
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inspired air during the post-exercise depression to raise the alveolar p-CO, 


to the level found during the preceding exercise. The resulting ventilations 
were much greater than those produced by the inhalation of the same CO, 


_ air mixtures before the exercise and were almost comparable to those recorded 


during the exercise. 
If we wish to relate the change in ventilation to the alteration of alveolar 


' (and arterial) p-CO,, it would be more rational to estimate the latter by 


comparison not with the normal resting value, but with the reduced threshold 
which occurs during and after the exercise. When the interference of oxygen 
lack is avoided by adding oxygen to the inspired air (Bannister, 1953) and the 
effective p-CO, stimulus is estimated in this way, the ventilation and alveolar 
p-CO, in exercise are related in a manner not unlike that found during CO, 


inhalation at rest. This suggests that, when the effects of oxygen lack are 


absent, the combination of the effective p-CO, stimulus and excess lactic acid 
may be sufficient to explain the hyperpnoea of exercise. 
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Further observations on the influence of 5-hydroxytryptamine on 
bronchial function. By H. Herxuemer. Surgical Unit, University 
College Hospital Medical School, London 


‘It has been previously shown that in the guinea-pig 5-hydroxytryptamine 


(HT), inhaled as 1°% aerosol, causes bronchial spasm with severe dyspnoea, 
followed by convulsions. The picture appears similar to that of histamine or 
acetylcholine shock. The symptoms are not antagonized by mepyramine 
(neoantergan) but partly by atropine (Herxheimer, 1953). Lyysergic acid 
diethylamide (LSD), which has recently been found by Gaddum (1953) to 
antagonize the HT contraction of the rat’s uterus, has now been found to 
antagonize also the HT shock in the guinea-pig. This antagonistic action of 
LSD (0-2 mg/kg, given intramuscularly) was slightly stronger than that of atro- 
pine. The antagonistic action of dihydroergotamine (2 mg/kg) was somewhat 
weaker than that of atropine. In the anaphylactic microshock of the guinea- 
pig the same dosages of LSD and dihydroergotamine had no protective effect. 

In four normal human subjects the inhalation of 0-67°% HT aerosol for 
60 sec had no effect on vital capacity or expiratory speed. In three out of six 
asthmatic patients the same inhalation caused a pronounced asthmatic attack 
which subsided spontaneously or was abolished by isoprenaline inhalation. In 
two of the three others who had been free from asthma for a long time, there 
was @ mild reduction of expiratory speed and vital capacity; the third = 
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was not influenced. The HT effect in man therefore seems similar to that of 
histamine and acetylcholine. In the asthmatic patient attacks can be provoked 
easily by these substances, but normal subjects require much larger amounts 
to show a mild broncho-obstructor effect. 


Gaddum, J. H. (1953). J. Physiol. 121, 15 P. 
Herxheimer, H. (1953). J. Physiol. 120, 65 P. 


The effect of increased venous return upon the heart rate. By 
J. ©. G. and R. J. Lispen. Department of Physiology, School 
of Medicine, Leeds 

Attempts to repeat the experiments of Bainbridge (1915) on the effects of 

intravenous infusions on the heart rate of the anaesthetized dog have produced 

conflicting results. To circumvent many of the difficulties attendant on the use 
of infusions of blood or saline, experiments have been performed on anaesthe- 
tized dogs in which the venous return was increased by the gradual opening 
of a femoral arteriovenous fistula. In the majority of cases the dogs were 
anaesthetized with a combination of morphia, Dial (Ciba) and sodium pento- 

barbital (Foltz, Page, Sheldon, Wong, Tuddenham & Weiss, 1950). 

Arterial blood pressure was maintained in some experiments by a compensa- 
tor. Pressures were measured by saline and mercury manometers or by optical 
manometers. Fistula flows were measured by a rotameter. 

If the heart rate was not high (i.e. not more than 120-150), and if sinus 
arrhythmia was present, then gradual opening of the fistula always produced 
an increase in rate. This increase was obtained whether right auricular and 
arterial pressure remained steady, fell or rose. In preparations with a slow 
heart rate but no sinus arrhythmia no increase in heart rate was obtained. 

The use of the compensator and also the results of step-wise lowering of 
arterial pressure by controlled haemorrhage suggested that arterial baro- 
ceptors played no significant part in the increase in rate. Measurements of 
cardiac output (dye injection method) showed that total venous return was 
augmented by the amount of the flow through the fistula. External jugular 
vein flow did not decrease when the fistula was opened if arterial pressure 

Thermocouples, placed in the right auricle showed that the effect was not 
due to alterations in blood temperature. 

Controlled experiments, in which volumes of blood greatly in excess of those 
involved in pressure compensation passed into the dog, failed to produce an 
increase in rate. 

The results suggest that if the afferent side of the reflex lies on the right 
side of the heart, pressure, per se, is not the adequate stimulus. 
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Temperature and humidity of respiratory air. By P. Department 
of Physiology, University of Manchester 


Sampling of air from the respiratory passages indicated that during nasal 
breathing, inspiratory air in the pharynx was conditioned to within narrow 
limits over a wide variation in respiratory rate, external temperature and 
humidity. Air samples obtained from the anterior nares showed a recovery of 
heat and moisture from expiratory air on its passage outwards from the lungs. 

With a subject breathing room air at rates of 8-40 1./min and breathing 
air of conditions varying from arctic to tropical via a small nasal mask, the 
inspiratory air in the pharynx was 34 + 3° C and almost saturated with water. 
The air-conditioning efficiency of the upper respiratory tract was compared 
with a simple heat and moisture exchange apparatus, consisting of a glass tube 
containing moist blotting-paper pellets. With the nose clipped, and the glass 
tube applied to the lips, a subject breathed so that all respiratory air passed 
to or from the respiratory tract via this tube. Samples of inspiratory air 
obtained from the proximal end of the tube (whose only source of heat was 
expiratory air) were as effectively conditioned as inspiratory pharyngeal air 
during nasal respiration. 

End-expiratory air samples obtained from the pharynx were found to be at 
body temperature and fully saturated with water. Their condition was 
considered to be representative of lung air. Expiratory air at the anterior 
nares was found to be cooler and drier than lung air, about half the heat and 
water given up by the respiratory tract to inspiratory air being recovered 
during expiration by cooling and condensation in arctic conditions. 

Continuous recording of air temperature in the respiratory passages during 
the complete respiratory cycle gave reasonable agreement with results obtained 
from air samples. 


On direct connexions between hepatic artery and hepatic veins 
in the canine liver. By W. H. Horner Anprews, R. HECKER, 
B. G. Marcratrx and H. D. Rrrontz. Department of Tropical Medicwne, 
Liverpool School of Tropical Medicine 

Translobular arterial branches have been described previously on anatomical 

grounds (Braus, 1924; Andrews & Maegraith, 1952), and there is strong 


supporting physiological evidence. Ps 
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During perfusion of the canine liver, the reaction of the hepatic vein to 
drugs is greater when injected into the artery than when injected into the 
portal vein. This is shown especially with substances which are rapidly 
destroyed in the blood, such as acetylcholine. Addition of eserine to the 
system decreases the differential effect and carbachol or methacholine 
(mecholyl), which are not readily affected by cholinesterase, produce com- 
parable effects on the veins, when given into either the artery or the portal 
vein. 

Our hypothesis is that the intra-hepatic courses of the hepatic artery and 
portal vein are not identical, and that at least a proportion of the arterial 
blood may pass through the liver more rapidly than portal venous blood. 

Five yg of adrenaline injected into the artery usually increases the volume 
of the liver by constriction of the hepatic veins, although a diminution in 
arterial inflow occurs; by reducing the amount of adrenaline given it is 
frequently possible to produce a fall in liver volume, presumably by dilating 
the hepatic veins. The response to adrenaline given intraportally is a fall in 
volume, excepting in huge doses. In failing preparations, when the hepatic 
venous tree is constricting, intra-arterial adrenaline or L-noradrenaline is more 
effective in producing hepatic venous relaxation (and secondarily increasing 
the portal inflow) than is injection of the same amount into the portal vein. 

It appears that hepatic arterial-hepatic venous connexions are closed by 
substances which produce arterial constriction; the converse is possibly also 
true. If 5 ug of acetylcholine is injected into the artery a few seconds before 
injection of 1-5 yg of adrenaline, the classical responses to both drugs are 
seen. If, however, adrenaline is injected before acetylcholine, the only 
response is that to adrenaline. Presumably adrenaline prevents the acetyl- 
choline from reaching the hepatic veins directly. That adrenaline has no 
direct inhibiting effect on the hepatic veins can be shown by reversing the 
circulation, with the inflow through the hepatic veins, when responses are 
obtained to both drugs irrespective of the order of injection. 

These results are offered at an early stage of our work for discussion and 
alternative interpretation. 


The expenses were largely defrayed by the Holt Malaria Research Grant. 


Andrews, W. H. H. & Maegraith, B, G. (1953). Nature, Lond., 171, 222. 
Braus, H. (1924). Anatomie des Menschen, Band 2, p. $21. Berlin: Springer. 
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Constriction within the canine hepatic venous tree. By W. H. 
Horner Anprews, R. Hecker, B. G. Mancraira and H. D. 
Department of Tropical Medicine, Liverpool School of Tropical Medicine 

Since the work of Bauer, Dale, Poulsson & Richards (1932) it has generally 

been accepted that contraction of smooth muscle around the ostia of the 

hepatic veins in dogs is mainly responsible for the obstruction to outflow of 
blood after administration of histamine or in anaphylactic shock, despite 
evidence that the whole vein may constrict strongly (Weil, 1917; Maegraith, 

Andrews & Wenyon, 1949). 

Three dogs were sensitized to horse serum, and 3—4 weeks later their livers 
were perfused. The hepatic venous outflow was collected from two separate 
sites. The first was from a tributary of the hepatic vein via an incompressible 
polythene tube which was passed 2-3 cm past its ostium and which filled its 
lumen completely. The remainder of the outflow was taken from the inferior 
vena cava itself near the caval ostia of the hepatic veins. Both outflows were 
recorded separately. Injection of histamine and acetylcholine in these livers 
and in controls led to a comparable reduction in both outflows. Addition of 
antigen to the perfusion circuit in the case of the sensitized livers almost 
stopped both outflows, and the subsequent administration of mepyramine 
malate increased the outflow rate in both. 

Another liver was perfused in the reverse direction, the inflow being through 
two tubes similarly placed as in the experiments outlined above. The artery 
was clamped and the outflow was via the portal vein. Injection of acetylcholine 
and histamine into the small tube leading past an ostium slowed the inflow in 
this tube only. Injection into the main hepatic venous inflow decreased this 
flow, but the inflow through the smaller tube was unaffected. 

It is difficult, therefore, to accept the postulate that the muscle around the 
hepatic ostia is mainly responsible for producing obstruction to blood outflow, 
and the hepatic vein of the canine liver may not prove as unique as is accepted 
at present. 

The expenses were largely defrayed by the John Holt Malaria Research Grant. Messrs May 
and Baker Ltd. donated the mepyramine malate. 
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The expenditure of energy and the consumption of food by 
miners and by clerks, East Fife, Scotland. By J. V. G. Durnin, 
R. 0. Garry, R. Passmore and G. M. Warnoox. Institute of Physiology, 
University of Glasgow, Department of Physiology, University of Edinburgh, 
and Ministry of Food, London 8 
In August 1952, a survey was made of the expenditure of energy and the 
consumption of food by miners and by clerks in East Fife, Scotland. The 
method used to find the expenditure of energy was to obtain a detailed and 
continuous time study throughout the work period and the rest of the 24 hr, 
to break this down into times spent in different types of activity, e.g. walking, 
shovelling, hewing, sitting, lying, etc., and then to find the actual ‘Calorie 
value’ (in Calories per minute) of each of these activities. The “Calorie value’ 
of an activity was measured by indirect calorimetry using the Kofranyi- 
Michaelis respirometer. The total energy expenditure for the 24 hr was then 
estimated by multiplying the time spent in each activity by its ‘Calorie 
value’ and adding all these totals together. In this way nineteen miners and 
ten clerks were studied each for a period of 1 week. During this week, each of 
these men also had their consumption of food measured. The dietary survey 
was carried out by the individual inventory method. All of the food taken by 
each man was weighed or measured during the 7 consecutive days. The intake 
of energy in the form of food was calculated by reference to tables of food 
values, and the intake of protein, of fat, of carbohydrate, of minerals and of | 
vitamins was derived in similar fashion. 
The mean daily expenditure of energy was 3660 Cal for the miners and 
2800 Cal for the clerks. The mean daily intake of energy was 4030 Cal for the 
miners and 3040 Cal for the clerks. 


Excretion of glucose by the cat’s kidney. By M. Grace EaoieTon 

and 8. SHuster. Department of Physiology, University College, London 
When the blood-sugar concentration is increased, reabsorption of the filtered 
glucose by the renal tubule cells increases until a maximal value (7'm) is 
attained, in both man and dog. If the filtered load is further increased, 
T'm value remains unchanged. 

In the cat, no 7'm value can be established. The amount reabsorbed continues 
to increase indefinitely with increasing load, but at a diminishing rate; and, at 
any given value of the load, becomes smaller as the plasma concentration 
becomes greater. In Fig. 1 are plotted results obtained in thirty-one experiments 
in which the plasma-glucose concentration varied between the normal value 
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(100-250 mg/100 ml.) and 1-05%%. At concentrations less than 300 mg/100 ml. 
(marked + ), reabsorption is practically complete up to the highest filtered load 
encountered. With increasing concentration, the percentage reabsorption at 
any filtered load is increasingly depressed. 


20 


10 20 30 40 50 60 70 80 9 + +.100 110 


mg glucose filtered/min 


Fig. 1. The effect of increasing plasma glucose concentration on the proportion of filtered glucose 
reabsorbed. +, plasma glucose concentration <300 mg/100 ml.; ©, plasma glucose con- 
centration 300-500 mg/100 ml.; ©, plasma glucose concentration 500-700 mg/100 ml. ; 
@, plasma glucose concentration 700-900 mg/100 ml.; A, plasma glucose concentration 
>900 mg/100 ml. 


If a Tm value does in fact exist, it is considerably higher than that obtaining 
in man and dog (200-250 mg/100 ml. a.¥.R.), for rates of reabsorption of 
500-600 mg/100 ml. ¢.¥.z. have been observed; and a hypothetical 7'm value 
of this magnitude cannot be demonstrated owing to the depressant effect of 
high plasma-glucose concentration. 
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Simultaneous observations on urine flow and uterine activity in 
the conscious bitch. By V. C. Asranams and Mary Pickrorp. 
Department of Physiology, The University, Edinburgh 

Our aim was to discover whether the oxytocic and vasopressor factors of the 
posterior lobe of the pituitary were simultaneously released from the gland 
under various physiological conditions which would appear, functionally, to 
require only the release of one of them. Harris (1947) has shown that electrical 
stimulation of the hypothalamus in the conscious rabbit causes the release 
of both factors. Verney (1947) has shown that, amongst other things, a small 
increase in the tonicity of the blood passing to the central nervous system, and 
emotion, cause antidiuresis. Our observations were made on ovariectomized 
bitches in which one carotid had been exteriorized, and in which the upper end 
of one uterine horn had been brought out to the flank. Activity of the uterus 
was recorded by inserting in it a balloon filled with normal saline at a pressure 
of about 30 mm Hg. 

It was found that emotional stimuli, and also intracarotid or intravenous 
injections of concentrated NaCl solution, caused not only an inhibition of water 
diuresis, but a simultaneous and coterminous increase in uterine activity. The 
antidiuretic effect could be matched by the intravenous injection of, for 
example, 3 mU Pitressin, but an equivalent increase in uterine activity needed 
80-100 mU Pitocin. The simultaneous injection of 3 mU Pitressin and 5 mU 
Pitocin did not increase uterine activity observably more than 5 mU Pitocin 
alone. One bitch was subjected at operation to section of the supraoptico- 
hypophysial tracts. The day before operation the uterus showed its usual 
activity. The day after operation the activity was greatly reduced, and during 
the remaining days of the preliminary polyuria it showed scarcely any 
spontaneous contractions, though it responded to an intravenous injection of 
Pitocin. During the normal interphase the uterus showed almost normal 
contractions. With the onset of the permanent polyuria it again became 
quiéscent. For a time after operation both oral and intravascular NaCl 
induced uterine contractions, without altering the rate of urine flow. 

So far, it appears that in the bitch, the oxytocic and vasopressor factors of 
the posterior lobe of the pituitary are released simultaneously from the gland, 
and that the effect produced depends on the sensitivity of the peripheral organ. 
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Urinary excretion of antidiuretic hormone during dehydration 
in rats. By 8. E. Dicker. P , Universi 
Department of Pharmacology sity 

The purpose of the present investigation was to re-examine Gilman & 

Goodman’s (1937) claim that the urine of dehydrated rats exerted an anti- 

diuretic effect when injected subcutaneously into test animals, and that the 

maximum antidiuretic activity in their urine was observed after 48 hr of 
dehydration. Male albino rats of about 250 g were deprived of water for up 
to 96 hr. Urine collected in 0-25% acetic acid in saline was diluted until 
isosmotic with blood, and injected intravenously into rats maintained on 

a constant water load (Boura & Dicker, 1953). Antidiuretic activity was 

assayed by a four-point method (Dicker, 1953) and expressed in terms of 

Pitressin (Parke, Davis and Co.). It will be seen from Table 1 that the anti- 

diuretic activity of urine continued to increase substantially after 48 hr of 

dehydration. The antidiuretic activity in the urine could be abolished, as can 
that of pitressin, by treating the urine with either 2 n-NaOH or thioglycollic 

acid (Ames & van Dyke, 1951). 


TaBxLz 1. Amount of antidiuretic activity in urine of dehydrated rats 


Duration of dehydration (hr) 
48 72 
pU/100 g rat/24 br 406 (16) 590 (20) 830 (16) 1260 (16) 


p»U =micro-unit. In parentheses: number of animals. 


- In normal rats injected with exogenous vasopressin (Pitressin) antidiuretic 
activity equivalent to about 10% of the injected dose can be recovered from 
their urine (Dicker, 1953; Ginsburg & Heller, 1953). To see whether the same 
proportionate excretion is present in dehydrated animals, sixteen rats, chosen 
at random, were deprived of drinking water and injected subcutaneously twice 
a day with 1-5 mU/100 g Pitressin, and their urine was assayed for its anti- 
diuretic titre. The amount of exogenous vasopressin was calculated as the 
difference between the amount of antidiuretic activity found and the mean 
value of the antidiuretic activity of urine of control dehydrated rats. 
The amounts of exogenous vasopressin recovered from the urine (from the 
Ist to the 4th day of dehydration) were 12, 25, 55 and 74% of the amounts 
injected. Assuming that both exogenous and endogenous vasopressin were 
excreted in equal proportions by the kidneys it can be calculated that the 
rate of release of the antidiuretic hormone by the pituitary gland would be 
constant at 4-0 mU/100 g/24 hr, representing a total of only 16 mU/100 g in 
4 days. Preliminary estimates of the antidiuretic-vasopressor activity of the 
pituitary glands of dehydrated rats have indicated, however, that the degree 
of depletion of the glands was much greater than that expected from the loss 
as estimated through urinary excretion. 
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Observations on the renal response to motionless standing. By 
T. M. Cuatmers and R. D. Squires. Medical Unit, Royal Infirmary, 
Cardiff, and Chemical Section of the Department of Medicine, University 
of Pennsylvania Hospital, Philadelphia 

It was previously reported that in recumbent subjects venous congestion of 

the legs with pneumatic cuffs reduced glomerular filtration rate, renal blood 

flow and sodium excretion (Chalmers, Lewis & Pawan, 1952). Some effects 
of motionless standing have now been reinvestigated in normal subjects during 
water diuresis, urine samples being collected without catheterization at 

15 min intervals. The preliminary recumbent period lasted 14-2} hr. After 

standing still for an hour the mean changes in six subjects (expressed as 

percentages of the last recumbent values) were: total plasma volume, 
11-5+2-0; urine volume, 43-8+5-2; creatinine output, 29-5+5-1; sodium 
output, 76-7 +7-1. The excretion of chloride and potassium also diminished. 

All values returned towards control levels when the subject lay down again, 

but recovery of sodium output was delayed relative to that of creatinine. 

Bandaging the legs with elastic (Esmarch’s) bandages prevented these 
changes. 

Three patients with Addison’s disease were studied. When desoxycortico- 
sterone alone was given there was a tendency to fainting with marked reduction 
in creatinine output and evidence of antidiuretic hormone release. In two 
experiments where cortisone was also. given the renal response to standing 
resembled that seen in normal subjects. 

_ No increase in the output of sodium (above horizontal control levels) was 

observed when hydrated subjects were tilted into a 15-45° head-down position 

for an hour. 

Thus pooling of blood in the legs leads to a reduction in sodium excretion 
which is not wholly accounted for by reduced glomerular filtration, but does 
not depend on increased adrenal cortical activity. The negative results of 
head-down tilting are interpreted as evidence against the participation of 
intracranial ‘volume receptors’ in sodium regulation (Viar, Oliver, Eisenberg, 
Lombardo, Willis & Harrison, 1951). 
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Changes in the hormone output of the adrenal cortex of the 
young calf. By W. E. Batrour. Physiological Laboratory, University 
of Cambridge 


The adult ruminant is resistant to the hypoglycaemic action of insulin (Reid, 
1951). The new-born calf behaves in a similar manner for the first 24 hr, but it 
then becomes very sensitive to insulin. This sensitivity decreases when the 
animal becomes about thirty days old (Comline ef al. unpublished observa- 
tions). During the sensitive period the hypoglycaemic effects of insulin could 
be largely prevented by the administration of adrenal cortical extract 
(‘Eschatin’, Parke-Davis). 11-dehydro-17-OH-corticosterone in equivalent 
or much larger amounts (liver glycogen deposition assay) had no effect. 

Accordingly, the nature and quantity of the hormones secreted by the 
adrenal cortex have been investigated by a chromatographic method (Bush, 
1952) in calves of different ages. In animals less than 2 days old the major 
components were two members of the ‘amorphous fraction’ and 17-OH- 
corticosterone. Thereafter the amorphous fraction was oo longer a major 
component while 17-OH-corticosterone was still present. Corticosterone 
appeared at about 10 days after birth. In foetal lambs the major component 
was also a member of the ‘amorphous fraction’. 

The volume of blood leaving the left adrenal gland of calves either after 
decerebration and hypophysectomy or during chloralose anaesthesia was 
measured by a drop counter and returned to the animal. Although the initial flow 
was high (approximately 40 ml./min/25 kg animal) in anaesthetized animals, 
only 10-20 ml./min was recorded in decerebrate preparations. The rate of flow 
declined to less than 5 ml./min by the end of the first hour for the decerebrate, 
and by the end of the third hour for the anaesthetized preparations. The 
intravenous infusion of small amounts of adrenocorticotrophic hormone 
(ACTH) (Organon, Armour) caused a temporary increase of blood flow from 
the gland; this could be repeated with further doses of ACTH. This response 
to ACTH was always obtained in calves from 10 to 40 days of age, but was 
either very small or not appreciable in animals less than 8 days old. “ 

The hormones were separated from the adrenal effluent blood and estimated 
chemically as formaldehydeogenic steroids (Daughaday, Jaffeé & Williams, 
1948), and after reaction with 2:4-dinitrophenylhydrazine (Gornall & Mac- 
donald, 1953), When ACTH was given to calves less than 8 days old there was 
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no increase in steroid output. The effect of ACTH in calves from 8 to 40 days 
of age was not to increase the concentration of hormones in the blood but only 
to increase the amount of blood leaving the gland. 


This work was carried out during the tenure of a Junior Fellowship of the Agricultural Research 
Council. I should like to thank Dr W. Tindall (Organon) for samples of ACTH. 
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The actions of some derivatives of adrenaline and noradrenaline 
on the nictitating membrane and the heart rate of the cat. By 
I. R. Ines and H. W. Kosteriitz. Physiology Department, University 
of Aberdeen 


Chronic preganglionic denervation (‘decentralization’) uniformly increased 
the response of the nictitating membrane to all sympathomimetic substances 
examined so far. When the responses of postganglionically denervated mem- 
branes (‘denervation’) were compared with ‘decentralized’ membranes, the 
results varied considerably (Table 1). The presence of a hydroxyl group in 
position 3 of the benzene ring favoured potentiation by ‘denervation’ while 
in its absence ‘denervated’ and ‘decentralized’ membranes showed similar 
responses or, as in the case of tyramine, the response of the ‘denervated’ 
membrane was depressed. | 

Intravenous injection of 2-3 mg/kg of cocaine hydrochloride altered the 
responses of the ‘decentralized’ membranes so as to make them similar to 
those of the ‘denervated’ membranes. In the acutely denervated heart, on 


the other hand, cocaine potentiated the response to noradrenaline but not to 
any other of the substances given in Table 1. 


TaB_E 1. Responses of ‘denervated’ nictitating membranes compared with those 
of ‘decentralized’ membranes 


1-(3, 4-dihydroxypheny])-2 thylaminoethanol (adrenaline) 0 to + 
1-(3, 4-dihydroxyphenyl)-2-aminoethanol (noradrenaline) ++ 
1-(3-hydroxyphenyl)-2-methylaminoethanol (neosynephrine) + to ++ 
1-(3-hydroxypheny])-2-aminoethanol + 
1-(4-hydroxyphenyl)-2-methylaminoethanol (sympatol) 0 
1-(4-hydroxypheny])-2-aminoethanol Oto - 
1-(4-hydroxyph yl)-2-aminoeth (tyramine) 


While the results seem to suggest that the sensitization of the ‘decentralized’ 
nictitating membrane may be due to a single cause, perhaps the inhibition 
of amine oxidase, the effects of ‘denervation’ and of cocaine cannot be 
explained in this manner. First, while noradrenaline and tyramine are both 
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rapidly acted upon by amine oxidase, ‘denervation’ or cocaine potentiates the 
action of ncradrenaline and depresses that of tyramine. Secondly, cocaine 
potentiates the response of the nictitating membrane but not the chronotropic 
response of the heart to adrenaline and noradrenaline derivatives not posses- 
sing @ hydroxyl group in position 4. The changes brought about in the effectors 
by ‘denervation’ cannot be attributed to the degeneration of nerve fibres as 


such, a8 cocaine produces the same effect in doses which do not abolish nerve 
conduction. 


The effects of penicillin on the weight gained by kittens. By 
Crom D. Dickinson and Parricta P. Scorr. Department of Physiology, 
Royal Free Hospital School of Medicine, London, W.C. 1 


Saunders (personal communication) found that the addition of 66 mg procaine 
penicillin/kg to his basic diet (1953) produced a somewhat variable increase 
in the weight gained by kittens compared with control periods when penicillin 
was omitted from their diet. ; 

Two preliminary experiments indicated that the addition of procaine 
penicillin to a high protein diet gave an increase in the weight gained by 
kittens aged between 14 and 22 weeks. Twelve kittens from four litters were 
used. The amounts of procaine penicillin (1 mg= 1000 i.u.) added were 15, 30 
and 60 mg/kg of diet (wet weight). At all these levels some increase in the 
weight gained was apparent when compared with litter-mate control kittens 
receiving the basic diet alone. A noticeable decline in the weight gained was 
observed in the week immediately following the withdrawal of the penicillin 
supplement, followed by a resumption of a normal increase in weight. 
30 mg/kg appeared to be a suitable level of supplementation and was used in 
subsequent experiments. | 

Twenty-four kittens from seven litters were weaned on to the basic diet 
at approximately 6 weeks of age. They were divided into 2 groups whose 
mean weights differed by only 6g. After 14 days, the mean weight of the 
kittens receiving penicillin had increased by more than 200 g over the mean 
weight of the kittens not receiving penicillin. Moreover, the kittens receiving 
penicillin appeared to be healthier and livelier than those in the control group, 
some of which had to be temporarily isolated for low-grade respiratory 
infections. 

Ww grateful Society and to the Medical Research Council for grants which 
materials. 
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Release of histamine by tryptamine and 5-hydroxytryptamine. 
By W. Ferpsere and A. N. Smrru. National Institute for Medical 
Research, Mill Hill, N.W. 7 


Tryptamine and 5-hydroxytryptamine have the ability to release histamine 
from the living tissue. This finding brings them into line with the large group 
of amines having this property (MacIntosh & Paton, 1949). The histamine 
releasing activity of these compounds, which is somewhat greater than that 
of propamidine and about 100 times less than that of 48/80, was observed 
under the following conditions. 

(a) After arterial injection of either tryptamine or 5-hydroxytryptamine 
into the perfused skin flap or gastrocnemius muscle of the cat. 

(b) After arterial injection of tryptamine into the perfused skin flap of the 


(c) From rat’s skin, at the site of a subcutaneous injection of tryptamine 
and from rat’s skin and skeletal muscle after repéated intraperitoneal 
injections. 

In the experiments (a) and (b) the released histamine was assayed in the 
venous perfusate; in the experiments (c) the release was shown by determining 
the reduction in tissue histamine. 

The assay of histamine on the atropinized guinea-pig’s ileum was rendered 
difficult by contamination of the perfusate with large amounts of either 
tryptamine or 5-hydroxytryptamine respectively. To overcome this difficulty, 
the perfusate had first to be assayed for these substances on the atropinized 
rat’s colon. They were then added in appropriate amounts to the solutions 
of histamine used for assaying the perfusate on the guinea-pig’s ileum. 

Compound 48/80, D-tubocurarine, propamidine and tryptamine, when added 
to the bath in which the guinea-pig’s ileum is suspended, produce periods of 
increased rhythmicity and tone. This effect may be preceded with some of 
these histamine liberators by an initial, strong contraction. It was examined 
whether the increased rhythmicity and tone resulted from a slow and con- 
tinuous release of histamine from the intestinal wall, and it was found that 
after 48/80, and to a smaller extent after the other histamine liberators, a sub- 
stance acting like histamine and probably identical with it could be detected 
in the bath fluid collected during the periods of increased rhythmicity and 
tone, suggesting that these motor effects were, at least in part, the outcome 
of histamine release from the intestinal wall. The finding that mepyramine 
greatly reduced the tone and diminished but slightly the rhythmic activity 
could be explained on the assumption that it antagonizes only histamine which 
has diffused out into the surrounding fluid, but not at the site of release. 
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Reactions of nerve-free and chronically denervated plain muscle to 
drugs. By D. H. L. Evans and H. 0. Scuttp. Departments of Anatomy 
and Pharmacology, University College, London 


In a previous communication (Evans & Schild, 1953) we described the effect 
of acetylcholine, barium, eserine and nicotine on intestinal circular muscle of 
the cat immediately after r moval of the enteric nerve plexuses. The present 
experiments deal with the drug responses of (a) cat circular muscle freed of 
the myenteric plexus of Auerbach in vivo, the animals being allowed to survive 
for periods of 13-27 days in order to allow degeneration of the intramuscular 
nerve endings of the plexus; (b) the amniotic membrane of 10- to 12-day 
incubated chicks, which is known to contain plain muscle entirely devoid of 
ganglion cells and nerve fibres. The following is a summary of our findings: 

(1) 5-hydroxytryptamine (serotonin creatinine sulphate) produces powerful 
rhythmic contraction of the amnion. Since the amnion is nerve-free this 
action cannot be due to release of acetylcholine from nerve endings, but 
suggests a direct action on plain muscle. 

(2) Nicotine produces inhibition of spontaneous contractions and lowering 
of tone in the amnion. It produces both stimulation and strong inhibition in 
denervated cat circular muscle, both effects being antagonized by hexa- 
methonium. These results suggest that nicotine has a residual action on nerve 
endings or plain muscle which can be antagonized by hexamethonium. 

(3) Eserine produces powerful rhythmic contractions in the amnion and 
occasionally in denervated circular muscle. These effects may well be due 
to some non-nervous acetylcholine present in the muscle since a small dose 
of acetylcholine added to a subthreshold dose of eserine produces similar 
rhythmic effects. 

(4) Both preparations are stimulated by acetylcholine. Comparison of the 
acetylcholine threshold of circular muscle freed of Auerbach’s plexus with 
normal muscle revealed no diminution in threshold after denervation. 

(5) Both preparations are inhibited by adrenaline and by tsoprenaline, the 
latter being more active. | 

REFERENCE 
Evans, D. H. L. & Schild, H. O. (1953). J. Physiol. 119, 376. 


In vitro effects of Botulinum toxin (type D). By N. Amsacue and 
A. W. Lesstn. Ophthalmological Research Unit (Medical Research Council), 
Institute of Ophthalmology, Judd Street, London, W.C. 1 

Guinea-pig (G.P.) and rabbit (R.) ilea have been exposed 1m vitro to 1-2 x 107 

mouse LD,» (in a 10 ml. bath) of a purified Botulinum type D toxin. Even 

after short exposures of 5-20 min there is pharmacological evidence of (post- 
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ganglionic) motor neurone paralysis in the gut, becoming total within 4-1 hr 
and persisting to the end of the experiment. This procedure provides a rapid 
method of irreversible motor ‘denervation’ and allows a clear distinction to 
be made between drugs which act primarily on the motor neurones (group A) 
and those which act principally on the muscle fibres (B). 


7x10 LD. toxin for 15 min sat 


ACh Nic. Musc. BaCl, 5MF ACh Nic. Musc. BaCl, SMF 


Group A. The action of previously stimulant doses of nicotine, m-bromo- 
phenyl ether of choline, 1, 1-dimethyl-4-phenyl-piperazinium (DMPP) is 
abolished. 

Group B. Responses to ACh, Muscarine, 2268 F and 5-Me-furfuryltri-Me- 
NH, (5 MF) are not significantly decreased. 

Group C (mixed). The effect of certain doses of barium is either abolished 
(G.P.; see figure) or reduced. KCl is also reduced. 

Group D. The spastic effect of eserine is reduced (R.) 


We are indebted to Drs M. Sterne and L. M. Wentzel (Pretoria) for a gift of toxin and to 
Dr G. Chen (Detroit) for the DMPP. 
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Recording of effective right and left atrial pressures in the intact 


dog. By J. C. G. Cotermee and R. J. Linpen. Department of 
Physvology, School of Medicine, Leeds 
Effective pressures in the right and left atria can be measured in the anaesthe- 
tized dog with the chest unopened. 

In dogs of at least 15 kg the right atrium was cannulated through the right 
external jugular vein with a rigid metal tube of as large a bore as the vessel 
would permit. The correct position was found (a) by external measurement 
and (6) by the pressure-pulse contour obtained. 

The left atrium was entered, using a method previously described for man 
(Allison & Linden, 1953). A straight brass tracheal cannula was inserted after 
a low tracheotomy and the application of amethocaine hydrochloride B.P. 
(2%) to the trachea and carina. A needle (a No. 15 B.w.c., 25cm long, bore | 
1-2 mm, attached to a rigid metal tube 16 cm long, bore 6 mm) was thrust 
through the carina at a point posterior to that used in man, until bright red 
blood at low pressure was aspirated freely. The position was checked by re- 
cording the pressure-pulse contour. 

Effective atrial pressure is equal to atrial pressure minus intrathoracic 
pressure. Intrathoracic pressure was measured in two ways. First, a ‘fish- 
tailed’ cannula was thrust through the sixth right intercostal space in the 
mid-axillary line into the pleural cavity, and intrapleural pressure was 
recorded through an air-filled system. Secondly, mediastinal pressure was 
recorded through a rigid tube, 17 cm in length and 3 mm bore, attached to a 
needle (No. 15 B.w.c.) about 1 cm in length which was pushed through the 
tracheal wall to reach the loose tissue in the posterior mediastinum behind the 
left auricle. This system was either air or liquid filled, and in the correct position 
no blood or air could be aspirated. The position was accepted when a respiratory 
record relatively free from artifacts was obtained. The two intrathoracic 
pressures were measured simultaneously in some dogs, and the relative value 
of these two methods is being discussed elsewhere. 
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A large rigid metal T-cannula was inserted into the right carotid artery. 

Clotting was prevented in arterial and venous cannulae by frequent flushing 
with heparinized saline (10,000 units/l.). The position and patency of each 
cannula was checked at post-mortem. : 

Pressure pulse contours were recorded by optical manometers using 4 long 
light path (4m). A battery of manometers was set up close together but with 
independent movement. 


Fig. 1. From above downwards, time trace 7s sec; left atrial reference ine; intrapleural pressure 
reference line; left atrial pressure; carotid arterial pressure; intrapleural pressure; right 
atrial pressure; carotid reference line; right atrial reference line. The apparent flatness of 
some left atrial ‘a’ waves is due to cutting by etched lines on the camera lens. 


4 2 3 4 

cm cm cm cm 
HO HO HO 4H,O 4H,O HO j4H,O0O £4H,0 
-40 2-5 35 -40 +10 -10 -10 

atrium +05 -0-5 0 +20 +3-0 
Pleural space 55 - 55 55 -75 2:5 — 2-5 -3-0 
Measurement in column | is taken at a point just before atrial systole begins; 2 is the peak of 
atrial systole; 3 is the end of atrial systole; and 4 is a point on the ‘V’ wave just before the 
second heart sound artifact. Results are taken from two separate cardiac cycles, one during 
inspiration and one during expiration. 


The manometers used in this work were of three sizes: the membrane of 
Mallory 73 beryllium copper 5,455 in. thick was 12 mm free diameter in the 
venous manometer, 7 mm in the arterial manometer and 15 mm in the mano- 
meter for measurement of intrathoracic pressure. These gave adequate 


sensitivity and were linear over the required ranges if the membrane was 
correctly soldered. 
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High undamped natural frequencies were obtained provided great attention 
was paid to the rigidity of tubes and tightness of joints (Luer lock). Undamped 
natural frequencies for the complete systems were, arterial, over 300 c/s; right 
atrial, 115 o/s; left atrial, 75 c/s. 

A typical record is seen in Fig. 1 and a sample analysis of two cardiac cycles 
from this is given in Table 1. 

REFERENCE 


Allison, P. R. & Linden, R. J. (1953). Circulation, 7, 669. 


A perfusion pump for large outputs. By J. ©. G. Conzrmer and 
A. Hemineway. Department of Physiology, School of Medicine, Leeds 
The type of valve described by Daly & Daly (1951) can conveniently be built 


into a chamber machined from a Perspex block. The design and dimensions 
are shown in the accompanying figure. 


Inches 
Fig. 1. A, outlet valve; B, air vent (fitted with rubber tube and clip); C, air vent; D, pump 
chamber; F, rubber sac; F, attachment to Dale-Schuster pumps; G, inlet valve. 


The chamber is robust and fits conveniently into a thermostat bath. Two or 
more chambers can be mounted close together. 

The rubber sac has a capacity of 30 ml. and, using two Dale-Schuster pumps 
in parallel, outputs of up to 3-01./min can be obtained at 120 rev/min at 
a pressure of 150/70 mm Hg. 

REFERENCE 
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Automatic analysis of respiratory gases. By A. Hemineway 


The action of drugs on the cord dorsum potentials in the cat. 
By D. Taverner 


The indirect determination of systolic and diastolic blood pressures 


in conscious dogs. By W. J. O’Connor. Department of Physiology, 
School of Medicine, Leeds 


At an aseptic operation, the femoral artery is enciosed in a loop of skin (van 
Leersum, 1911). The blood pressure is then measured indirectly by applying 
to the femoral loop a pneumatic cuff similar to that described by Verney & 
Vogt (1938). The systolic and diastolic pressures can be determined by 
auscultation over the lower end of the loop; but it has been found more con- 
venient to use an oscillometer like that of Patterson (1928). The results by the 
two methods agree satisfactorily. 

The method has been tested in anaesthetized animals by comparing the 
pressures determined indirectly from one femoral artery with those recorded 
simultaneously by an optical manometer connected to a T-cannula in the other 
femoral artery. The manometric determinations were made by J. C. G. 
Coleridge and R. J. Linden, using apparatus to be demonstrated at this 
meeting. In fourteen comparisons, the systolic pressure determined by the 
oscillometer varied from 10 mm Hg above to 6 below the pressure determined 
by the manometer (mean, 2-5 mm Hg above). The diastolic pressure by the 
oscillometer was from 12 above to 5 below the manometric reading (mean, 
4 mm Hg above). 

REFERENCES 
van Leersum, E. C. (1911). Pflug. Arch. ges. Physiol. 142, 377. 
Patterson, W. D. (1928). J. Physiol. 66, 323. 
Verney, E. B. & Vogt, M. (1938). Quart. J. exp. Physiol. 28, 253. 


Blood pressure changes in the cat following distension of abdominal 
viscera. By P. P. Newman 


The investigation of pharmacological activity in rabbit plasma by 


(1) the perfused rabbit ear, and (2) superfused isolated tissues. 
By G. W. Camsringe and J. A. Hoteate 


i Perfusion of the carotid bodies in the cat. By E. Nem 
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A method for the continuous measurement of alveolar carbon 
; dioxide tension in the anaesthetized cat. By J. H. WoLsTENoRoFT 


Morphological studies on normal and pathological connective 
tissue. By D. A. Haut, R. Reep and R. E. Tunsrince 


Acute decerebration in the greyhound. By I. D. Ferauson and 
A. T. Gray. Institute of Physiology, University of Glasgow 


Techniques for decerebration of dogs have been described by Kabat, Dennis & 
Baker (1941), Keller (1945) and Wolf & Hele (1914). However, some of these 
techniques produce spinal rather than decerebrate dogs, others leave the 
cerebral hemispheres in situ. Pollock & Davis (1923) suggested a buccal 
approach to the basilar artery in the cat, but in the dolichocephalic skull of 
the greyhound it is difficult to expose the basilar artery by this route. 

In the course of another investigation, opportunity was taken to attempt 
various techniques. Thirty-eight attempts to decerebrate greyhounds were 
made. 

The following was the most successful technique. Anaesthesia was induced 
by intravenous injection of thiopentone sodium (20 mg/kg) into one cephalic 
vein and maintained by an intravenous drip of sodium pentobarbital (0-06 g in 
5 ml.). Arterial ligation was carried out bilaterally in the neck. The common 
carotids were tied below the cranial thyroid artery; the thyroid, pharyngeal 
and caudal laryngeal branches of the cranial thyroid arteries were also tied 
along with the internal carotids, occipitals, cranial laryngeals and ascending 
pharyngeal arteries. The lingual and external carotid arteries were ligated 
caudad to the external maxillary artery. The vault of the skull was then 
removed. Bleeding from veins entering the dorsal sagittal sinus was controlled 
by light pressure with a gelatin sponge for a few min. Through an incision in 
the dura mater one occipital lobe was elevated and retracted forwards to 
expose the superior and inferior corpora quadrigemina. By means of a blunt 
probe and aspiration the brain stem was transected in the midline. The basilar 
artery was thus exposed and then clamped with artery forceps. The cerebrum 
was removed. Venous bleeding was controlled by elevation of the head and the 
application, under pressure, of gelatin sponge or bone wax. 

This technique was successful only in approximately 50% cases, with 
survival times of about 24 hr. 
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A new baroceptor area in the cat. By J. H. Grezn. Department of 
Physiology, Middlesex Hospital Medical School, London 

An hitherto undescribed baroceptor area has been found to be constantly 
present in the wall of the common carotid artery of the cat, about 2 cm below 
the carotid sinus in the region of the origin of the ramus muscularis dorsalis A. 
The nerve leaving this area runs between the common carotid artery and the 
vago-sympathetic trunk to join the nodose ganglion of the vagus. It is 
suggested that it be termed the common carotid baroceptor nerve. The 
nerve diameter is variable but occasionally it is as large as the aortic nerve. 


Fig. 1 Cat. A, electroneurogram of a multi-fibre preparation of the right common carotid nerve, 
and carotid blood pressure. B, electroneurogram of single fibre preparation of the left 
common carotid nerve, and femoral blood pressure. Time marker, 50 c/s. 


The electroneurogram of this nerve on both sides shows activity comparable 
with that of the sinus and aortic baroceptor nerves (see Fig. 1). This activity 
disappears on clipping the common carotid artery immediately proximal to the 
baroceptor area, and is enhanced by clipping distal to the area. No chemo- 
ceptor activity has been detected. 

_ Reflex systemic responses are obtained by raising and lowering the pressure 
in an isolated short length of common carotid artery which includes the sensi- 
tive area. These reflexes are no longer obtained after the nerve has been cut. 

The common carotid baroceptor nerve provides a convenient method of 
investigating baroceptor activity uncomplicated by chemoceptor activity. 


Intrapleural and mediastinal pressures in relation to effective 
atrial pressure. By J. C. G. Cotzripcs and R. J. Linpen 
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The influence of blood platelets on phagocytosis. By J. B. Stoxer 
and 8. B. Stoxer. Ossett, Yorks 


During experiments on phagocytosis, using whole citrated blood and sus- 
pensions of Staphylococcus aureus, it was found that the mere contact of the 
blood with clean glass increased the phagocytic activity of the polymor- 
phonuclear leucocytes by up to 224% as compared to that obtained when the 
test was made in greased tubes. The average increase in thirty-one tests 


was 43%. 


If suspensions of blood platelets, in citrated plasma or washed in saline, 
were allowed to make contact with clean glass and were then added to citrated 
blood in greased tubes they increased the phagocytosis of this blood as if the 
test had been made in a clean glass tube. This action of platelets does not 
appear to depend on their disintegration. With minor alterations the technique 
used was according to that described by Bhatnagar (1935). 

In a further series of tests, three capillary blood samples were examined, 
(i) the initial sample (a) from a finger, (ii) a second sample (b) from the same 
area as the initial sample but taken 5 min later, and (iii) a sample (c) from the 
opposite hand 5 min after ‘b’. The difference between ‘a’ and ‘b’ gives the 
effect of the trauma (in producing the sample ‘a’), and the results from ‘c’ 
indicate that the effect in ‘b’ is due to local causes. 

In each of ten experiments (using five healthy persons), when the initial 
trauma for the ‘a’ sample consisted of multiple pricks (2-8), the phagocytosis 
of the sample ‘b’ was increased up to 67% (average 44%). The effect is not 
produced unless more than a single prick is given. 

Further experiments are being performed to explore the possibility that this 
phagocytic effect of local trauma is due to the stimulation of blood platelet 
opsono-phagocytic activity. 

REFERENCE 
Bhatnagar, 8. 8. (1935). Brit. J. exp. Path. 16, 375. 


The effect on the Pack Fitness Index of acute exposure to a hot 
humid atmosphere. By H. R. Norrie. Department of Physiology, 
School of Medicine, University of Leeds 

Calculation of the Fitness Index by means of the Harvard Pack Test (Con- 

solazio, Johnson & Marek, 1951) depends on three counts of the pulse rate 

during recovery. The index is likely to vary according to the stress imposed on 
the circulation during the actual test. This is perhaps indicated by the effect 
of training on the index. Measured after a period of training by one subject 
the value rose from 120 to 167. The index fell from 120 to 99 when very little 
activity was undertaken and the subject’s physical condition was poorer. 
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But obviously factors additional to exercise may affect the circulation and 
so affect the index. The effect of one, heat stress, was determined by measure- 
ment of the index for eleven subjects, first in ordinary room conditions, then, 
some days later, after sitting for about 2 hr in a hot humid room. The effective 
temperatures were about 56 and 85° F respectively; the percentage relative 
humidities being about 50 and 75. 

In the cool conditions the indices ranged from 77 to 119. In the hot room 
only one subject showed no decrease of index. That for the other ten ranged up 
to 23%, averaging 11%. This decrease with heat was just significant at the 
5% level. The indices now ranged from 67 to 101. The subjects judged to be 
fitter, by having a higher index, showed as large a fall in the hot room as did 
the others. 

One subject performed the Pack Test five times in succession at hourly 
intervals in both cool and hot rooms and showed no fall in the index with 
repetition (though it was lower in the heat than in the cold). But in the hot 
room his resting pulse, taken immediately before each successive test, rose 
from 79 to 98 at the fifth count, suggesting that he was not able to dissipate 
his heat load effectively. . 

When he performed the test at 20 min intervals there was no fall of the 
index in the cold, and his pulse just prior to the next test rose only from 61 
to 76 over the six tests. But in the hot room his pulse rose from 71 to 111 and 
his index fell from 97 to 32. After the second attempt he was unable to last the 
full 5 min of the test and stopped after five tests. 

Thus a considerable decrease in the Pack Fitness Index is to be expected 
when the test is made under heat stress and previous strenuous effort will 
further impair the index. 

REFERENCE 
Metabolic Methods, p. 371. London: 
pton. 


The action of eserine sulphate on the spinal cord of the cat. By 
D. Taverner. Department of Medicine, University of Leeds 
The action of eserine sulphate on the spinal cord of the cat was investigated in 
unanaesthetized decerebrate, high spinal, low spinal and deafferented low 
spinal preparations. Monosynaptic and polysynaptic reflex responses, and 
cord dorsum potentials were elicited by electrical stimulation of appropriate 
afferent nerve fibres in the leg and recorded photographically. The blood 
pressure was recorded in all experiments. | 
Intravenous administration of eserine sulphate produced an increase in the 
amplitude of the polysynaptic reflex response but had no effect on the cord 
dorsum potentials in all types of preparation used. The monosynaptic response 
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usually increased in amplitude in decerebrate preparations but was unchanged 
or decreased in amplitude in preparations with spinal section. These differences 
were probably due to the hypotensive effect of intravenous eserine sulphate. 

Intra-aortic injection of eserine sulphate gave consistent effects. 0-1 mg/kg 
body weight increased the amplitude of the polysynaptic reflex response but 
had no effect on the monosynaptic reflex response in all types of preparation 
used. 0-2 mg/kg body weight increased the amplitude of both the polysynaptic 
and monosynaptic reflexes in all types of preparation used. The cord dorsum 
potentials were unaffected by intra-aortic eserine sulphate. 


Systolic backflow in the dog femoral artery. By E. P. W. Hetrs 


and D, A. McDonatp. Department of Physiology, St Bartholomew's 
Hospital, London 


_ The velocity of blood flow has been recorded in three dogs by the method of 


McDonald (1952) using a high-speed cine-camera (1500 frames/sec) to rollow 
the course of injected O, bubbles. The blood pressure was recorded by a 
capacitance manometer. In all cases a rapid surge of blood occurred at the 
beginning of systole followed by a period of backflow and thereafter a phase of 
slow forward flow. This was terminated in two cases by a very brief backflow 
immediately preceding the next systole. The pulse rate was about 180/min 
in all cases, and the times reported here are relative to a cardiac cycle 330 msec 
in duration. The first forward flow lasted from 65 to 95 msec in different 
animals but was always shorter than the rising phase of the pulse wave. 
Backflow lasted about a further 100 msec, and in one animal was thus almost 
complete by the end of systole (estimated as 35% of the cardiac cycle by 
Woodbury & Hamilton (1937)). The peak forward velocity was about 120 cm 
sec (500 ml./min), and peak retrograde velocity ranged from 18 to 30 cm/sec. 
The forward flow velocity in diastole was about 10 cm/sec in all animals. 

It is suggested that the occurrence of backflow during systole is due to the 
changes in the elastic properties of the arteries as they pass peripherally. The 
well-known phenomenon of ‘peaking’ of the pulse wave consequent on this 
causes a reversal of pressure gradient in the artery in the later part of systole 
and hence causes the commencement of backflow. This phenomenon is implicit 
in the explanation of phasic changes of flow advanced by Shipley, Gregg & 
Schroeder (1943). The backflow in the present experiments, however, occurs 
earlier than any they record. During backflow in the femoral artery forward 
flow has been recorded in the saphenous artery branching from it. 
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Extracellular space of rat muscle. By R. Crezsz and 8. Hasuisu. 

Department of Physiology, London Hospital Medial College, E. 1 
The extracellular space of the gastrocnemius muscle after intravenous in- 
jection of inulin into the anaesthetized, nephrectomized rat, was found to be 
9-6 + 1-5 ml./100 g misele (s.D. of 18 observations), as measured by the ratio: 
inulin per 100 g muscle/inulin per ml. plasma. Intermittent tetanization for 
20 min increased the inulin space to 17-5 + 1-5 ml./100 g (6), and the blood 
content was more than doubled. 

Normal diaphragm muscle was found to have an inulin space of 24-0 + 2°3 ml./ 
100 g (10). After equilibration in Krebs saline containing inulin the value was 
26-4 + 3-1 ml./100 g (24). Entry of inulin into isolated diaphragm was con- 
sistent with a simple diffusion process, the diffusion constant being of the 
order of 3-4 (+ 1-0) x 10 cm*/min (19) in muscles of thickness 0-6 mm from 
rats weighing 120 g. The rate of entry of inulin was not increased by stimulation 
of the diaphragm, and the final value for the extracellular space was unaltered. 

It can be calculated from the above figures that 50% of the sodium of the 
isolated muscle is intracellular. This was checked by recording the loss of 
activity from muscles previously equilibrated in saline containing the radio- 
active isotope Na. The two sodium fractions—extracellular and intracellular 
—exchange at different rates, and by extrapolation the intracellular fraction 
was estimated to be 45%, of the total. 


Potassium in stimulated muscle. By R. Crezsz, J. L. D’Suva 
and 8. Hasnisu. Department of Physiology, London Hospital Medical 
College, 

Leg muscles of anaesthetized rats were tetanized intermittently through the 

nerve. Under these conditions the intracellular concentration of potassium 

diminished and that of sodium increased. 

Isolated diaphragm muscles were soaked in Krebs saline and stimulated by 
maximal single shocks at 2/sec. The potassium content diminished and appeared 
to reach a steady state when the concentration had fallen from 145+16 to 
109 + 8 mm/kg fibre water (s.p. of 10 and of 8 observations respectively). The 
contraction height as recorded by a tracing also decreased, and then appeared 
to become steady. 

A transient increase in outward potassium movement on stimulation was 
detected by placing the diaphragm, previously loaded with the radioactive 
isotope “K, in a small (4 ml.) organ-bath surrounded by a water-jacket. 
Warmed saline was passed into the organ-bath at a rate of about 9 ral./min, 


and the effluent, which was allowed to overflow, was collected and its activity 
measured. 
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: The influence of ionized calcium on the vasoconstrictor activity 


of rabbit plasma. By J. A. Horcare 


_ The effect of mepyramine maleate on the activity of histamine and 


5-hydroxytryptamine on the isolated superfused guinea-pig 
ileum. By G. W. Camsripes and J. A. Hoteate 


Choline-2:6-xylyl ether bromide; an active quaternary local 
anaesthetic. By P. Hey and G. L. Witey. Department of Pharma- 
cology, University of Leeds 

In extending some work on the pharmacology of nuclear substituted phenyl 

ethers of choline we found that one of these, choline-2:6-xylyl ether bromide 

(TM. 10), when administered intravenously (3-5 mg/kg) to a chloralosed 


CH, 


_ atropinized cat caused a brief hypertension and a retraction of the nictitating 


membrane; further doses, however, were ineffective. 

In this and other experiments it was established that similar doses of TM. 10 
rendered the nictitating membrane unresponsive to electrical stimulation of 
both pre- and post-ganglionic nerve trunks for periods greater than 3 hr, though 
the responses of both nictitating membrane and arterial pressure to intravenous 
adrenaline remained normal. 

It seemed probable, therefore, that TM. 10 interfered with axonal conduction 
and so was tested for local anaesthetic activity by Biilbring & Wajda’s (1945) 
method. The activity was found to be approximately equal to that of cocaine 
hydrochloride, but the duration of effect was about five times longer and the 
onset of action detectably slower. 

Since quaternization of the tertiary alkylamino groups of local anaesthetics 
is generally accompanied by a marked reduction of activity, two corresponding 
tertiary, N-dimethyl and N-diethyl, compounds (TTM. 10 and TTE. 10) were 
synthesized and tested for local anaesthetic activity. Both these compounds 
were only slightly more active than TM. 10 and had an onset and duration of 
action similar to that of cocaine. It has recently been shown by NAdor, Herr, 
Pataky & Borsy (1953) that certain quaternary derivatives of known local 


TM. 10 
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anaesthetics show a high degree of activity, but that the onset of action is very 
slow; this is not so with TM. 10, which exerts its full effect within 5 min of 
injection. 

Finally, it is interesting to note the marked steric similarities between our 
compounds and the recently introduced lignocaine (‘ Xylocaine’). 
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Benzoylcholine as a muscle relaxant. By H. Leumann and Exsre Six. 
Department of Pathology, St Bartholomew's Hospital Medical School, 
London, E.C. 1 

When choline esters are injected into rabbits, they produce more salivation 

and depolarizing convulsions the nearer the organic acid component is related 

to acetic acid and the more they are substrates of the true cholinesterase. 

Thus propionylcholine chloride and butyrylcholine chloride produce pro- 
found convulsions and only a very transitory headdrop when they are in- 
jected intravenously short of the lethal dose. 

As benzoylcholine shows great similarity in its behaviour as an enzyme sub- 
strate to succinyldicholine we examined its effect on rabbits. Like succinyldi- 
choline, benzoylcholine is not broken down by the true cholinesterase and in 
fact inhibits this enzyme at low concentrations—but is rapidly hydrolysed 
by pseudocholinesterase. 

Benzoylcholine chloride injected intravenously at a dosage of 7-12 mg/kg 
rabbit will produce a 2 min head drop. Whereas it is in this respect similar in 
its action to succinyldicholine, it differs by not producing the violent 
convulsions which precede the relaxing effect of succinyldicholine. Like 
succinyldicholine, benzoylcholine can be counteracted by the injection of 
pseudocholinesterase. 


The effect of temperature on the rate of transference of D-L-alanine 
through the intestinal wall. By D. M. Marrnews and D. H. Smytu. 
Department of Physiology, University of Sheffield 

The main evidence for an active mechanism for absorption of L-amino-acids 

from the small intestine is (1) the faster rate of disappearance of L-amino- 

acids from the gut, as compared with the corresponding p-amino acids 

(Gibson & Wiseman, 1951), (2) the faster rate of appearance of L-amino-acids 

in the mesenteric blood (Matthews & Smyth, 1952) and (3) the capacity of the 

isolated intestine in vitro to transfer L-amino-acids against a concentration 
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gradient (Wiseman, 1953). In the course of further investigations, experiments 
have been made to determine the effect of cooling on the transport of amino- 
acids by the gut wall. 

In vitro. The intestinal preparation of Wiseman (1953), as modified by 
Smyth & Whaler (1953), was used. When a 1% solution of p-L-alanine was 
placed inside the gut, it was found that after 1 hr at 37° C the outer fluid 
contained 2}-3 times more L-alanine than p-alanine. In two representative 
experiments, final L/D quotients of 2-4 and 3-0 were obtained. Two-dimensional 
paper chromatography showed no amino-acid other than alanine. In experi- 
ments with the preparation cooled to 10° C, L/p quotients between 1-2 and 
1-4 were obtained. On account of the very slow rate of transfer at 10° the 
experiments were continued for a longer period (3 hr), and a higher con- 
centration of alanine (up to 10%) was used. The results support those of 
Crampton & Smyth (1953). . 

In vivo. The preparation described by Matthews & Smyth (1952) was used. 
D-L alanine was injected into the lumen of the cat intestine, and blood for 
analysis collected from the mesenteric vein. At 37° C the L/p quotients in the 
blood varied between 4 and 6. On cooling the gut to 12° C values of 1-7 and 
1-3 were obtained in two experiments. When the gut was re-warmed the 
quotient increased rapidly. Temperatures were recorded from the intestinal 
lumen. 

These experiments show that when the gut is cooled both in vitro and in vivo, 
the L/p quotients of alanine transferred approach unity, and support the 
view that the absorption of L-amino-acids involves an active mechanism in 
addition to simple diffusion. 
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The time factor in the expiration of the vital capacity. By 
G. Kazanrzis. Department of Physiology, London Hospital Medical 
College, London, E. 1 

While the measurement of the vital capacity has been performed since first 

described by Hutchinson (1846), little attention has been directed, until 

recently, to the time factor involved in the expiration of this volume. The 
tracing obtained on a fast moving kymograph when the vital capacity is 
expired as rapidly as possible into a spirometer free from recording errors 

(Bernstein, D’Silva & Mendel, 1952) has been called the fast vital capacity 

curve. This curve is closely reproducible for an individual. 
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The form of the curve has been investigated in a group of twenty-one young 
normal adult subjects, four curves being obtained from each. The total 
volume expired by each individual was not different from the vital capacity 
expired more slowly. The time taken to expire 90% of the volume ranged 
between 0-92 and 2-06 sec. The curves were at all times smooth, concave 
upwards, and could be represented approximately by an exponential curve 
with a mean time constant of 0-47 sec, 8.D. + 0-09 sec. The curve representing 


the average performance of the group was closely represented by the hyperbola 
© 
y= 
which remains to be expired and z is time in seconds. 
A group of subjects with pulmonary emphysema gave a curve of the same 
shape, but the time constant was considerably longer than in the group of 
young normal adult subjects. 


where y is the percentage of the vital capacity 
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The prediction of maximum ventilatory capacity from fast vital 
capacity records. By L. Bernstern and G. Kazan7zis. 
of Physiology, London Hospital Medical College, London, E. 1 


Numerous attempts have been made to use the fast vital capacity (F.v.c.) 
record as a basis for predicting the maximum breathing capacity (m.B.c.) 
(Kennedy, 1953). In all cases the expiratory F.v.c. curve alone has been used 
as the basis for prediction. This cannot be justified, as the inspiratory and 
expiratory curves are known to be different in form; the expiratory curve has 
been shown by Kazantzis (1953) to be a hyperbola, while the inspiratory 
curve is S-shaped. Further, most workers have assumed that the limit of 
inspiration in M.B.c. determinations is always 100% of full inspiration. This 
assumption is not correct. Bernstein, D’Silva & Mendel (1952) showed that as 
the respiratory rate rises the limit of inspiration falls from 98°% of full in- 
spiration at 20 breaths/min to about 90% at 70 breaths/min. 

From records of both expiratory and inspiratory F.v.c. in normal indi- 
viduals a family of curves can be deduced showing the greatest percentage of 
the vital capacity which theoretically can be ventilated at any specified 
respiratory rate for all possible limits of inspiration. These curves indicate that 
the theoretical optimal limit of inspiration approaches 100% of full in- 
spiration at 10 breaths/min and falls to about 90% at 100 breaths/min, 
agreeing well with the observations cited of Bernstein et al. The percentage 


of the vital capacity used in maximum effort breathing, at any respiratory 
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rate, has been termed the swept fraction (s.¥.). This family of curves also 
shows that, if calculations are based on an assumed limit of inspiration at 
95% of full inspiration, the theoretical s.r. at any respiratory rate between 
10 and 100 breaths/min is within 5% of its maximum value. 

Over the region from full expiration to 95% of full inspiration the S-shaped 
inspiratory F.V.c. curve can be closely approximated by a straight sloping 
line, and this fact has made possible the development of a simple analogical 
computor by means of which the s.¥., and hence the M.v.c., at any specified 
respiratory rate may be predicted. 

In a series of six normal adult males the s.r. at 20, 30, ..., 100 breaths/min 
was measured directly and was also computed from the individuals’ own in- 
spiratory and expiratory F.v.c. records. The correlation coefficient between the 
predicted and observed values was r= +0-975. 

It is clear that in normal individuals the s.¥., and hence the M.v.c., at any 
respiratory rate from 20 to 100 breaths/min may be predicted with accuracy 
from the inspiratory and expiratory F.V.c. curves. 
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Investigation of peripheral circulatory response to cold. By 
W. J. ALLEN 


Water requirements of West African troops during exercises. 
By R. A. Kenney and W. 8. 8. Lapei 
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